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The pericellular matrix (PCM) of cartilage is a structurally distinctive microdomain surrounding each
chondrocyte, and is pivotal to cell homeostasis and cell-matrix interactions in healthy tissue. This study
queried if the PCM is the initiation point for disease or a casualty of more widespread matrix degen-
eration. To address this question, we queried the mechanical properties of the PCM and chondrocyte
mechanoresponsivity with the development of post-traumatic osteoarthritis (PTOA). To do so, we inte-
grated Kawamoto’s film-assisted cryo-sectioning with immunofluorescence-guided AFM nanomechanical
mapping, and quantified the microscale modulus of murine cartilage PCM and further-removed extracel-
lular matrix. Using the destabilization of the medial meniscus (DMM) murine model of PTOA, we show
that decreases in PCM micromechanics are apparent as early as 3 days after injury, and that this pre-
cedes changes in the bulk ECM properties and overt indications of cartilage damage. We also show that,
as a consequence of altered PCM properties, calcium mobilization by chondrocytes in response to me-
chanical challenge (hypo-osmotic stress) is significantly disrupted. These aberrant changes in chondro-
cyte micromechanobiology as a consequence of DMM could be partially blocked by early inhibition of
PCM remodeling. Collectively, these results suggest that changes in PCM micromechanobiology are lead-
ing indicators of the initiation of PTOA, and that disease originates in the cartilage PCM. This insight will
direct the development of early detection methods, as well as small molecule-based therapies that can
stop early aberrant remodeling in this critical cartilage microdomain to slow or reverse disease progres-
sion.

Statement of Significance

Post-traumatic osteoarthritis (PTOA) is one prevalent musculoskeletal disease that afflicts young adults,
and there are no effective strategies for early detection or intervention. This study identifies that the re-
duction of cartilage pericellular matrix (PCM) micromodulus is one of the earliest events in the initiation
of PTOA, which, in turn, impairs the mechanosensitive activities of chondrocytes, contributing to the vi-
cious loop of cartilage degeneration. Rescuing the integrity of PCM has the potential to restore normal
chondrocyte mechanosensitive homeostasis and to prevent further degradation of cartilage. Our findings
enable the development of early OA detection methods targeting changes in the PCM, and treatment
strategies that can stop early aberrant remodeling in this critical microdomain to slow or reverse disease
progression.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Fig. 1. a) Schematic illustration of cartilage matrix molecular constituents highlighting the distinctive structure and composition of the PCM in comparison to the T/IT-ECM,
as well as the pivotal role of the PCM in mediating cell-matrix interactions. The schematic is inspired by Ref. [7, 10]. b) Representative immunofluorescence images of matrix
molecules that are localized or preferentially distributed in the PCM at 8 weeks post-surgery, including collagen VI, perlecan, biglycan (green) and aggrecan (red; blue: DAPI).

Internal negative controls are shown in the right panel.
1. Introduction

Post-traumatic osteoarthritis (PTOA) is characterized by the
breakdown of cartilage following injury, such as meniscus and/or
anterior cruciate ligament (ACL) tears. In contrast to spontaneous
OA, PTOA is particularly prevalent in young adults, resulting in a
long-term detrimental influence on quality of life [1]. Currently,
there are no effective strategies for early detection or interven-
tion of PTOA [2]. This is due, in part, to our limited understand-
ing of the molecular and cellular events that contribute to the
initiation of the disease. One hallmark of PTOA is the disrupted
cross-talk between cells and the extracellular matrix (ECM) in
which they reside, leading to imbalance in their anabolic and
catabolic activities [3, 4]. An elevation in chondrocyte catabolism,
without an offsetting increase in anabolic activities, results in
the degradation of ECM constituents and ultimately compro-
mises the overall tissue mechanical properties. This, in turn, fur-
ther disrupts the mechanically regulated chondrocyte homeosta-
sis, leading to a vicious loop of irreversible cartilage degeneration
[5].

Chondrocytes reside within the pericellular matrix (PCM), a ~
2-4 pm-thick intermediary layer between the cell and the further-
removed, territorial/interterritorial domain of the ECM (T/IT-ECM)
[6-8] (Fig. 1a). The composition, structure and biomechanical prop-
erties of the PCM are distinct from that of the T/IT-ECM [9, 10].
Given its immediate contact with cells , the PCM plays critical roles
in sequestering growth factors [11], transducing mechanoelectro-
chemical signals [12, 13], and modulating ECM-cell strain trans-
mission [14-16]. The importance of the PCM is underscored by the
substantial cartilage phenotype seen in mice lacking PCM-specific
molecules, such as collagen type VI [17, 18], perlecan [19] and
biglycan [20]. Also, given that it makes direct contact with cells,
the PCM is highly sensitive to chondrocyte metabolism. Aggrecan,
the major cartilage matrix proteoglycan, undergoes much faster
turnover in the PCM than in the T/IT-ECM [21], and newly synthe-
sized aggrecan is primarily localized in the PCM [22]. In OA, ag-
grecan is the first matrix constituent to undergo degradation [23].

* For submission to Acta Biomaterialia as a Full-length Article.
* Correspondence and requests for materials should be addressed to: Dr. Lin Han,
Phone: (215) 571-3821, Fax: (215) 895-4983
E-mail address: 1h535@drexel.edu (L. Han).

In human OA cartilage specimens, the PCM shows a marked re-
duction in properties [24, 25]. Thus, the PCM is potentially a key
player in OA pathogenesis [7]. However, it is unclear whether the
aberrant degradative processes that eventuate in disease are initi-
ated at the level of cell-ECM interactions or the role that this PCM
microdomain plays in PTOA.

This study sought to elucidate the role of PCM biomechanics
and chondrocyte mechanotransduction in the initiation and pro-
gression of PTOA. Given the immediacy of PCM-cell contact, we hy-
pothesize that degradation of the PCM is one of the earliest events
seen upon the initiation of OA, and this, in turn, leads to disrupted
chondrocyte mechanotransduction. To test this hypothesis, we in-
vestigated changes of PCM microscale modulus and chondrocyte
intracellular calcium signaling over a well-defined time frame fol-
lowing injury. Specifically, we adapted the destabilization of the
medial meniscus (DMM) murine surgical model [26], one of the
most widely used models for studying PTOA development in vivo
[27]. Using this model, we recently showed that the bulk cartilage
tissue modulus is reduced as early as 1 week after DMM, well be-
fore histological evidences of disease, illustrating the centrality of
mechanical changes in disease onset [28]. Building on this work,
here, we studied the longitudinal changes of PCM micromodulus
starting from 3 days after DMM up to 8 weeks, when histologi-
cal signs of PTOA became apparent [26]. Furthermore, we queried
the changes in chondrocyte baseline and mechanically instigated
intracellular calcium signaling ([Ca%*];), which is one of the ear-
liest, fundamental cell responses to mechanical stimuli [29], and
is commonly used as a marker of chondrocyte mechanosensitive
activities [30]. Our findings demonstrate rapid changes in PCM in-
tegrity and chondrocyte mechanotransduction during PTOA initia-
tion, which could be blocked by early inhibition of PCM remodel-
ing. These data provide a novel target for developing early detec-
tion and therapeutics to identify and arrest disease initiation.

2. Methods
2.1. Animal surgery

Destabilization of the medial meniscus (DMM) surgery was per-
formed on the right hind knees of 12-week old C57BL/6 wild-type
(WT) male mice (Jackson Laboratory, Bar Harbor, ME), following es-
tablished procedures [26]. Sham control surgery was performed on
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contralateral left knees. Mice were euthanized at 3 days, 1 week, 2
weeks and 8 weeks after surgery (n = 8 at each time point for
AFM nanomechanical mapping and [Ca2*]; signaling studies, ex-
cept for n = 10 for the 3-day time point, and additional n = 14
at the 1-week time point for treatment studies, n = 4 at the
8-week time point for immunofluorescence imaging). All animal
work was approved by the Institutional Animal Care and Use Com-
mittee (IACUC) at Drexel University.

2.2. Immunofluorescence imaging of matrix molecules

To determine if the PCM retains its morphological integrity and
compositional distinction from the T/IT-ECM within the tested time
frame post-DMM (Fig. 1a), we assessed the distribution of the ma-
jor proteoglycan, aggrecan, and other molecules that are specific
to the PCM at 8 weeks post-surgery (n = 4, Fig. 1b). Immedi-
ately after euthanasia, whole joints of both Sham and DMM knees
were harvested, fixed in 4% paraformaldehyde, and decalcified in
10% EDTA for 21 days. Samples were embedded in paraffin and se-
rial 6-pm thick sagittal sections were cut across the joint. Follow-
ing established protocols [31], sections were incubated with the
primary antibodies in 1% bovine serum albumin (BSA), 1 x PBS
for collagen VI (70R-CRO09X, Fitzgerald, Acton, MA, 1:200 dilu-
tion), perlecan (A7L6, Santa Cruz Biotech, Dallas, TX, 1:200), bigly-
can (ABT271, MilliporeSigma, Burlington, MA, 1:100) and aggre-
can (AB1031, MilliporeSigma, 1:100), respectively, overnight at 4°C.
Sections were then incubated with secondary antibodies directed
against the primary antibodies for collagen type VI (28903, Rock-
land, Pottstown, PA, 1:1,000), perlecan (A11006, Invitrogen, Carls-
bad, CA, 1:1,000), biglycan and aggrecan (RE234142, Invitrogen,
1:1,000), respectively, for 1hr at room temperature. Finally, samples
were counter-stained with DAPI Fluoromount-G (0100-20, South-
ernBiotech, Birmingham, AL) prior to imaging. For all the staining,
internal negative controls were prepared following the same proce-
dures but without the incubation of primary antibodies. To ensure
consistency, all the images were taken on the sections from the
center, load-bearing region of the medial tibial plateau (sections
#10-30 cut from the medial to lateral ends, after the first 300 pm
thickness being trimmed at the medial end). Fluorescence images
were taken using an Olympus FV1000 laser scanning microscope
(Olympus, Center Valley, PA) with a 488 nm laser at 50% power
and 300 ms exposure time in a 16-bit, 1024 x 1024 imaging array
format.

2.3. Cryo-sectioning of fresh murine knee joints

Presence of matrix elements does not necessarily indicate that
structural integrity or function has been preserved. This is best il-
lustrated by our recent work showing that, at the tissue level, car-
tilage mechanics in the murine DMM model changes well before
histological evidences of disease are apparent [28]. Exploration of
murine tissue mechanics, and micromechanics has, until recently,
been a challenge, especially for adult mice [32], due to difficul-
ties in sectioning un-demineralized joint tissues. Here, we over-
came this challenge by producing flat cryo-sections from fresh,
unfixed murine knees, via the Kawamoto's film-assisted method
[33]. In brief, immediately following euthanasia, tibial condyles
from both the DMM and Sham knees were dissected and embed-
ded in the optimal cutting temperature (OCT) media (n = 6 at 3
days post-surgery, and n = 4 at each of the other time points).
Cryo-sectioning was applied to first trim ~ 300 um of the sam-
ple at the medial end, and then, consecutively cut 30 sagittal sec-
tions from the medial to lateral ends at ~ 6 um thickness with
a disposable high-profile microtome blade (DT554S50, C.L. Strukey,
Lebanon, PA). During cutting, the block surface with the sample ex-
posed was then covered with a Kawamoto’s film (Section-Lab, Hi-

roshima, Japan), and the blade was inserted under the film to pro-
duce unfixed sagittal sections adhered to the overlying film (Fig.
2a). The opposite side of the film was then adhered to a glass cov-
erslip using chitosan-based glue for subsequent AFM tests.

2.4. Immunofluorescence (IF)-guided AFM nanomechanical mapping

Following established procedures [34], cryo-sections were la-
belled by immunofluorescent antibodies specific for collagen VI, a
marker of cartilage PCM [9]. Sections were first blocked in 10% goat
serum (178144A, Life Technologies, Carlsbad, CA) diluted in assay
buffer (0.1% BSA, Invitrogen) in 1 x PBS, and then incubated with
primary antibody for collagen VI (70R-CR009X, Fitzgerald, 1:50 di-
lution) in 10% goat serum, each for 20 minutes at room tempera-
ture. Next, sections were washed with 1 x PBS twice for 5 min-
utes, and then, incubated in a dark room with the secondary anti-
body (goat anti-rabbit IgG, Lot 28903, Rockland) for 20 minutes. Fi-
nally, samples were washed twice with 1 x PBS for 5 minutes, and
tested using a Molecular Force Probe-3D AFM (MFP-3D, Asylum
Research, Goleta, CA) integrated with a Cascade Il EMCCD camera
and a dual-view filter (Photometrics, Tucson, AZ) for total internal
reflectance fluorescence (TIRF) microscopy. During the test, fluores-
cence images were obtained simultaneously with a 488 nm laser at
40% power in a 16-bit, 512 x 512 imaging array format.

For each joint, two to three sections were chosen from the cen-
tral, load-bearing region of the tibial cartilage that is in direct con-
tact with condylar cartilage during joint loading (sections #10-30
cut from the medial to lateral ends, following trimming of the first
300 um thickness at the medial end). On each section, one to two
regions of interest (ROIs) were identified in the middle/deep zone
of uncalcified cartilage layer, ~ 20-40 pm from the tibia surface
(Fig. 2a). Each ROI had a size of 20 x 20 pum?2, and contained
1-2 well-defined ring-shape PCM terrains. Within each ROI, AFM
nanomechanical mapping was performed in a 40 x 40 grid (1,600
indents) using polystyrene microspherical tips (R ~ 2.25 um, nom-
inal k ~ 0.6 N/m, HQ:NSC36/tipless/Cr-Au, cantilever C, NanoAnd-
More, Watsonville, CA) up to ~ 100 nN maximum indentation force
at 10 um/s effective indentation depth rate [35]. For each inden-
tation, the effective indentation modulus, E;,q, was calculated by
fitting the entire loading portion of each indentation force-depth
(F-D) curve to the finite thickness-corrected Hertz model (Fig. 2b)
[36]. The modulus of Kawamoto’s film was measured to be ~ 17.0
+ 4.2 MPa (> 10 locations on 3 samples), which is > 10 x higher
than that of cartilage, and thus, was assumed to be infinite in the
model. Throughout the experiment, sections were immersed in PBS
with protease inhibitors (Pierce 88226, ThermoFisher, Waltham,
MA) to minimize post-mortem degradation. Next, using the cor-
responding IF image of collagen VI, we partitioned each map into
three distinct domains: the PCM, T/IT-ECM, and the domain corre-
sponding to cell remnants (e.g., cellular debris consisting of cyto-
plasmic organelles and nucleus damaged during sectioning) using a
custom MATLAB (MathWorks, Natick, MA) code. We then analyzed
the moduli of PCM and T/IT-ECM separately and excluded values
corresponding to cell remnants (Fig. 2¢,d).

To test if the cryo-sectioning procedure and associated freezing-
thawing cycle alter tissue micromechanics, we compared the mod-
ulus of the T/IT-ECM with the cartilage modulus measured on
condyle surfaces via classical AFM-nanoindentation from our pre-
vious work [28], both from the Sham joints at the 2-week time
point (Fig. 2e). We did not detect significant differences between
the two groups, indicating that the sample processing procedure
did not significantly alter the micromechanics of cartilage matrix.
It is worth noting that, the average micromodulus of the entire
map without partitioning is significantly lower than that of the
T/IT-ECM or the whole tissue, which can be attributed to the in-
clusion of lower moduli measured on the PCM and cell remnants.
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Fig. 2. a) Schematic illustration of the Kawamoto’s film-assisted cryo-sectioning for the preparation of ~ 6-pum-thick, unfixed sagittal sections of murine knee articular
cartilage integrated with the subchondral bone. Shown together is the representative region of interest (ROI) identified in the middle/deep layer of uncalcified cartilage from
the central, load-bearing region of tibial cartilage. b) Left panel: Schematic illustration of immunofluorescence (IF)-guided AFM nanomechanical mapping on murine cartilage
cryo-section using a microspherical tip (R ~ 2.25 pm); the PCM is immunolabeled with collagen VI. Right panel: Two representative indentation force versus depth (F-D)
curves obtained on the cryo-section from one Sham joint (measured in PBS, 10 xm/s rate), solid line: finite thickness-corrected Hertz model fit to the entire loading portion
of the F-D curve. c) Representative indentation modulus map with corresponding collagen VI IF image of the Sham joint. Based on the IF image, the map was partitioned
into three domains: PCM (region 1), T/IT-ECM (region 2) and cell remnants (region 0) to enable the separation of PCM and T/IT-ECM moduli, and the removal of artifacts
measured from cell remnants. d) Distribution of indentation modulus, E;,q, of T/IT-ECM and PCM at all indentation locations (> 600 locations per group, n = 4 joints), for
the Sham and DMM groups. e) Comparison of moduli measured from the intact condyle cartilage surface (adapted from [28]), T/IT-ECM and unpartitioned full map from the
Sham joints. Results shown in panels b)-e) are obtained from the joints at 2 weeks post-surgery.

2.5. Intracellular [Ca?*]; signaling under osmotic stimulation

To evaluate how chondrocyte mechanotransduction changed
during PTOA progression, we studied chondrocyte intracellular
calcium signaling, [Ca®*];. Because chondrocytes sense both their
physical environment and additionally respond to superimposed
mechanical deformations [37], we also queried chondrocyte
[Ca2t]; response to physical perturbation. Limited by the small
dimension and irregular shape of murine joints, we were unable
to directly apply well-defined compressive strains. Instead, we
applied osmotic stimuli by altering the ionic strength from iso-
tonic to hypotonic Dulbecco’s Modified Eagle Medium (DMEM)
conditions [38]. At each time point, for additional mice (n = 4), we

labeled cells within the tibia with intracellular calcium indicator
Ca-520™ AM (15 uM, AAT Bioquest, Sunnyvale, CA) in isotonic
DMEM at 37°C for 1 hr, and then, gently washed three times with
DMEM. Time-series of confocal images were taken at 37°C on
the same group of cells every 2 seconds for up to 15 min with
a 20 x objective (LSM700, Zeiss, Oberkochen, Germany) in both
isotonic (330 mOsm, ionic strength (IS) = 0.15M) and hypotonic
(165 mOsm, IS = 0.075 M) DMEM with protease inhibitors (Pierce
88266, ThermoFisher). For each time point and IS condition, 50-60
chondrocytes in each sample were analyzed, following established
procedures [39]. The pattern of [Ca2*]; oscillation in each cell was
characterized by the intensity of the fluorescent signal and its
transient behavior. A responsive cell was considered as any cell
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Summary of averaged values and statistical analysis outcomes between the Sham and DMM knees from 3 days to 8 weeks post-surgery,
shown as mean + 95% CI from values averaged by animals for Ej,q, and by cells for [Ca?*]; parameters

Eing PCM T/IT-ECM
(MPa)
3 days 1 week 2 weeks 8 weeks 3 days 1 week 2 weeks 8 weeks
Sham 091 +£0.09 1.06 +£0.07 1.03+0.19 1.03+0.05 152+0.15 148 +0.62 149 +0.22 1.54+0.21
DMM 0.79 £ 0.08 044 +£020 0.15+020 0.13+£0.04 141+0.12 0.56+0.16 0.28 +£0.14 0.33 £ 0.07
p-value  0.016 0.015 0.004 < 0.0001 0.248 0.044 0.005 0.001
%R cell Isotonic Hypotonic
3 days 1 week 2 weeks 8 weeks 3 days 1 week 2 weeks 8 weeks
Sham 57 £ 11 62 + 10 66 + 12 70 + 12 88 + 8 83 +£ 10 82 + 10 84 + 10
DMM 55 + 11 35+ 8 16 + 4 14+ 4 69 + 11 58 + 11 41 +9 37 +8
p-value  0.774 < 0.001 < 0.0001 < 0.0001 0.015 0.005 < 0.0001 < 0.0001
Npeak Isotonic Hypotonic
3 days 1 week 2 weeks 8 weeks 3 days 1 week 2 weeks 8 weeks
Sham 430 £ 037 394+020 4.00+023 412+018 645+048 6.66+035 690+046 7.00+ 0.36
DMM 383 +£025 269+020 1.76+023 152+015 426+020 3.04+024 196+0.16 1.70+0.14
p-value  0.251 0.002 < 0.0001 < 0.0001 0.002 < 0.0001 < 0.0001 < 0.0001
toeak(sec) Isotonic Hypotonic
3 days 1 week 2 weeks 8 weeks 3 days 1 week 2 weeks 8 weeks
Sham 40.0 + 0.7 39.0 £ 0.6 403 £ 0.9 389+ 1.0 20.2 £ 0.5 212 £ 0.6 234 +£1.0 229 £ 09
DMM 432 + 1.0 52.7 £ 1.2 684 + 3.4 82.1 +£2.2 28.8 £ 0.7 42.6 £ 0.8 60.8 + 2.4 738 £ 1.6
p-value  0.021 < 0.0001 0.005 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
Table 2
Summary of statistical analysis outcomes of comparisons across the time points for each surgery type
Eind %Rce]l
Time sh sh
Points am DMM am DMM
PCM  T/IT-ECM  PCM T/IT-ECM Iso.  Hypo. Iso. Hypo.
3 days vs 1 week 0.089 0.974 < 0.0001 < 0.0001 0.742 0.767 0.018 0.499
3 days vs 2 weeks (not (not < 0.0001 < 0.0001 (not  (not < 0.0001 0.001
3 days vs 8 weeks sig.) sig.) < 0.0001 < 0.0001 sig.)  sig.) < 0.0001 < 0.001
1 week vs 2 weeks < 0.001 < 0.001 < 0.001 0.078
1 week vs 8 weeks < 0.0001  0.004 < 0.0001  0.012
2 weeks vs 8 weeks 0.990 0.907 0.945 0.879
Time npeak tpeak
Points
Sham DMM Sham DMM
Iso. Hypo. Iso. Hypo. Iso. Hypo. Iso. Hypo.
3 days vs 1 week 0.825 1.000 0.012 0.009 0.289 0.660 0.008 < 0.0001
3 days vs 2 weeks (not (not < 0.0001 < 0.0001 (not 0.015 < 0.0001 < 0.0001
3 days vs 8 weeks sig.) sig.) < 0.0001 < 0.0001 sig.)  0.044 < 0.0001 < 0.0001
1 week vs 2 weeks 0.018 0.004 0.107 < 0.001 < 0.0001
1 week vs 8 weeks < 0.001 < 0.001 0.283 < 0.0001 < 0.0001
2 weeks vs 8 weeks 0.835 0.785 0.928 < 0.001 < 0.0001

in which the magnitude of the peak signal exceeded four times
the maximum fluctuation of the baseline signal. The responsive
rate, %R, at each time point for each condition was calculated
by determining the fraction of responsive cells relative to the total
cell number within a region of interest. For every cell that was
responsive, the total number of [Ca2*]; peaks, Npeak, Was counted
during the 15 minute observation period, and the average duration
of peaks from each responding cell, t;e, Was extracted from the
[Ca2*]; transient.

2.6. Blocking of catabolic enzymatic activities in vivo

To test whether altered PCM micromechanics was causal with
respect to changes in chondrocyte mechanosensing, we carried out
a study to systemically block matrix remodeling post-injury via
GM6001, a hydroxamate zinc-chelating active site-directed enzyme
inhibitor, which blocks the activities of a broad spectrum of matrix
metallopeptidases (MMPs) and also reduces aggrecanase activities

to slow down matrix degradation [40]. Following our established
procedure [28], we performed daily intraperitoneal injection of 4
mg/kg/day GM6001 (sc-203979, Santa Cruz Biotech) starting from
one day before surgery, following our established procedure [28].
For the control group, the same amount of vehicle dimethyl sul-
foxide (DMSO, BP231-100, ThermoFisher) was intraperitoneally in-
jected, starting from one day before surgery (n = 7). Animals were
sacrificed at one week after surgery for IF-AFM (n = 4) and chon-
drocyte [Ca?t); signaling tests (n = 3), respectively.

2.7. Statistical analysis

Linear statistical models were applied for analyzing all the
quantitative outcomes using the R package Ime4 (version 1.1-19)
[41]. For continuous dependent variables including Ej,q and tpe,i,
the linear mixed effect model was applied. For non-continuous
variables, the generalized linear model was applied to npe, (count)
with the Poisson family, and to %R (binary) with the binomial
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Table 3

Summary of averaged values and statistical analysis outcomes between the Sham and DMM knees
under the vehicle or GM6001 treatment, shown as mean + 95% CI from values averaged by animals

for Ej,q, and by cells for [Ca2t]; parameters

Eing (MPa)  PCM T/IT-ECM

Vehicle GM6001 p-value Vehicle GM6001 p-value
Sham 098 +£0.08 1.02+0.13 0.380 143 £0.13 155+ 0.16 0.242
DMM 037 £0.08 074 £ 0.13 < 0.001 0.61 £0.06 1.01 +£0.14 < 0.001
p-value < 0.0001 0.003 < 0.0001 < 0.001
%Rcen Isotonic Hypotonic

Vehicle GM6001 p-value Vehicle GM6001 p-value
Sham 59+9 63 + 10 1.000 72 +£ 10 68 + 10 0.640
DMM 32+6 46 + 8 0.035 36+7 56 +9 0.009
p-value < 0.001 0.021 < 0.001 0.058
Mpeak Isotonic Hypotonic

Vehicle GM6001 p-value Vehicle GM6001 p-value
Sham 332 +0.17 3.11 +£0.17 1.000 478 £ 0.19 4.77 £ 020 0.982
DMM 2.06 £ 017 244 +£0.16 0.626 3.00 £ 0.20 3.30 +£0.19 1.000
p-value 0.002 0.026 0.002 0.002
tpeak Isotonic Hypotonic
sec
(sec) Vehicle GM6001 p-value Vehicle GM6001 p-value
Sham 29.7 £ 1.8 283 £ 1.0 0.620 23.0 £ 0.7 223 + 0.6 0.362
DMM 541 + 1.6 391+ 13 0.004 421 +£1.2 302 £ 1.0 0.004
p-value 0.006 < 0.0001 0.004 < 0.0001

family, respectively. This is because for non-continuous dependent
variables, it is inappropriate to assume error normality, which is
required by the linear model. In these tests, surgery type (DMM
versus Sham), time points (3 days to 8 weeks), treatment type (ve-
hicle versus GM6001), tissue region (PCM versus T/IT-ECM) and os-
molarity condition (hypo- versus isotonic) were treated as fixed
effect factors when applicable, with interaction terms between
surgery and time point, or between surgery and treatment type,
while the individual animal effect was treated as a randomized
factor. Prior to the test, likelihood ratio test was applied to the
data to determine the choice of two covariance structures, unstruc-
tured versus compound symmetry. For all the variables, we found
significant interactions between surgery type and time point (p <
0.01), and between surgery type and treatment type (p < 0.01, ex-
cept for %Rcey, p = 0.014 and not significant for npe,, p = 0.128).
Therefore, Holm-Bonferroni family-wise error correction was ap-
plied to adjust for multiple contrasts when testing the effect of
surgery at each time point or for each treatment type, or the ef-
fect of treatment for each surgery type, in which, each region or
osmolarity condition was analyzed separately. Within each surgery
type, if there is a significant effect among the four time points,
Tukey-Kramer post-doc multiple comparison was applied to per-
form pair-wise comparisons between the time points. For all the
parameters, the effect of tissue region (p < 0.001) and osmolarity
(p < 0.001, except for %R, p = 0.012, and for fpe,, p = 0.001,
both in the treatment study) were always found to be significant,
regardless of time point, surgery type or treatment type. Key sta-
tistical outcomes on the effects of surgery type, time points and
treatment were summarized in Tables 1-3. In all the tests, the sig-
nificance level was set at « = 0.05, and all the p-values have been
adjusted for family-wise type I errors.

3. Results
3.1. Distribution of PCM biomolecules in the DMM model

In healthy cartilage, the PCM has distinct composition and
structure relative to the T/IT-ECM (Fig. 1a). For the Sham group,

as expected [9], collagen VI, perlecan and biglycan were local-
ized in the PCM, while aggrecan was present throughout the ma-
trix but more concentrated in the PCM (Fig. 1b). For the DMM
group, at 8 weeks, collagen VI, perlecan and biglycan remained to
be localized in the PCM. For aggrecan, there was a reduction in
staining, which is consistent with literature showing decrease of
sulfated glycosaminoglycans (sGAGs) in this model [26]. However,
aggrecan remained to be preferentially concentrated in the PCM.
Based on these observations, it appeared that the PCM did not lose
its compositional or morphological distinction with respect to the
T/IT-ECM by 8 weeks after DMM. Thus, the DMM model serves
as a valid in vivo model for elucidating the changes of PCM mi-
cromechanobiology in the initiation and progression of PTOA over
the testing time frame.

3.2. Early reduction of the PCM micromodulus after DMM

Applying the Kawamoto’s film-assisted cryo-sectioning [33] and
IF-AFM nanomechanical mapping (Fig. 2a), we directly quantified
the micromodulus of the PCM and T/IT-ECM (Fig. 3). For both
Sham and DMM knees, the modulus, Ej,4, of the PCM was signif-
icantly lower than that of the T/IT-ECM for all groups (Fig. 3, p <
0.001), consistent with the literature reporting lower PCM modu-
lus in both healthy and OA cartilage [24, 32, 35]. Between the two
surgery groups, as early as 3 days post-surgery, the PCM of the
DMM joints exhibited a moderate, but significant modulus reduc-
tion (0.91 &+ 0.09 MPa versus 0.78 + 0.08 MPa for Sham and DMM,
respectively, a 14 + 6% reduction, mean + 95% CI of the averaged
Einq values from n = 6 animals, p = 0.016, see Table 1). These re-
sults indicate that degradation of the PCM began very soon after
DMM. This modulus reduction became further aggravated during
the progression of OA, reaching 58 + 21%, 86 + 11% and 87 & 3%
by 1, 2 and 8 weeks after DMM, respectively (Fig. 3b, Table 1).

In comparison to the PCM, the modulus of the T/IT-ECM did not
show a significant reduction at 3 days post-surgery (1.52 + 0.14
MPa versus 140 + 0.12 MPa for Sham and DMM, or a 7 + 13%
change, p = 0.248, Table 1). However, by 1 week post-DMM, the
T/IT-ECM modulus also started to show significant reduction (60 +
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Fig. 3. a) Representative indentation modulus maps of the PCM and T/IT-ECM partitioned for the Sham and DMM cartilage at 3 days and 1, 2 and 8 weeks post-surgery.
Moduli corresponding to cell remnants were removed (white voids). b) Box-and-whiskers plots of the PCM and T/IT-ECM micromodulus for the Sham versus DMM cartilage
at each time point (> 600 locations for each region, n = 4 animals at each time point, except for n = 6 at the 3-day time point). Each matched pair of circles represents
the average modulus of one DMM knee and its contralateral Sham knee, *: p < 0.05 between Sham and DMM surgeries from the averaged modulus of each joint (n.s.: not

significant). See Tables 1 and 2 for the complete list of adjusted p-values.

22%), which became more substantial by 2 weeks (80 + 12%) and
8 weeks (79 + 3%) (Fig. 3b, Table 1). Furthermore, starting at the
1-week time point, the degree of modulus reduction was compa-
rable for both the PCM and T/IT-ECM. Therefore, in both regions,
we noted a significant trend of progressive modulus decrease from
3 days to 8 weeks (Table 2). In contrast, for the Sham group, the
modulus remained unchanged throughout the testing time frame
in both the PCM and T/IT-ECM (Table 2).

3.3. Altered chondrocyte [Ca®*]; responses to osmotic stimuli after
DMM

For all groups, we observed spontaneous [Ca®*]; oscillations
(Fig. 4a,b). In isotonic DMEM, the temporal parameters, including
%Rcells Npeak and tpeqi, all remained consistent throughout the 3-

day to 8-week period for the Sham group (Fig. 4c-e, Table 2). Com-
paring the Sham and DMM groups, we did not observe significant
differences in [Ca%*]; activities at 3 days post-surgery, aside from
a slight increase in the, (Fig. 4c-e, Table 1). Strikingly, though,
starting at the 1-week time point, the DMM group showed sig-
nificantly decreased %R and npeai, as well as increased fpeqi
(Fig. 4c-e, Table 1). As the OA development advanced, the contrast
between the DMM and Sham groups became progressively more
pronounced. Under hypo-osmotic stimuli, for both surgery groups,
chondrocytes [Ca%*]; responses were significantly enhanced com-
pared to the isotonic condition, as marked by increased %R eji, Npeak
and shorter tpe, (p < 0.0001). For the Sham group, similar to
those observed in isotonic DMEM, cell responses remained con-
sistent throughout the 3-day to 8-week period, except for a slight
change in e (Fig. 4c, Table 2). For the DMM group, however,
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Fig. 4. a) Representative confocal images of murine chondrocyte [Ca?*]; signaling
at the baseline and with hypo-osmotic challenge. Chondrocytes were labeled with
Ca-520™ AM and time series images were recorded using a confocal microscope
with a 20 x objective submerged in DMEM at 37°C. b) Representative [Ca?*]; os-
cillation intensity curve of a single cell over a 15-min time frame illustrating the
definition of tyeu, the duration of each peak. c-e) Comparison of [Ca?*]; signaling
characteristics between Sham and DMM groups at each time point and osmolar-
ity: ¢) percentage of responding cells, %R (mean + 95% Cl), d) number of peaks
within the 15-min testing time frame, npe,c (mean + 95% CI), e) duration of each
peak, tpe, (box plot, outliers are not shown to increase clarity). Data represent >
60 responding cells pooled from n = 4 animals for each group. *: p < 0.05 be-
tween Sham and DMM groups. For longitudinal comparisons, for the Sham group,
there was no significant difference among all four time points, except for t,e in the
hypotonic condition. Different letters indicate significant differences between time
points (n.s.: not significant). See Tables 1 and 2 for the complete list of adjusted
p-values.

as early as 3 days post-surgery, the elevated [Ca2*]; responses to
hypo-osmotic stimuli were significantly reduced compared to the
Sham group, marked by lower %R, Mpea and longer fpeqy. At
later time points, such reduction became progressively more sub-
stantial (Fig. 4c-e, Table 1). Furthermore, within the DMM group,
[Ca2t]; responses also became increasingly suppressed with the
progression of OA from the 3-day to 8-week period (Fig. 4c-e,
Table 2).

3.4. Blocking early proteolytic degradation of the PCM preserves PCM
micromechanobiology

With the administration of GM6001, the inhibitor of MMP and
aggrecanase activities, the micromodulus of PCM in the DMM
knees (0.74 4+ 0.13 MPa) was significantly elevated compared to
the vehicle control group subjected to DMM (0.37 & 0.08 MPa, p <
0.001, Fig. 5a). Thus, although the PCM micromodulus in the DMM
knees was still reduced compared to the Sham knees with GM6001
(28 £ 18% reduction, p = 0.003), the degree of reduction was much
less than that of the vehicle group (62 + 10%, p < 0.001). A sim-
ilar rescue effect was detected for the T/IT-ECM micromodulus of
the DMM knees, but no significant differences were observed for
the Sham knees (Fig. 5a, Table 3). In the DMM knees, when the
matrix degradation was partially blocked, chondrocyte [Ca?t]; ac-
tivities were also restored towards baseline levels, as signified by
the higher %R and shorter tpe,y, in both hypotonic and isotonic
DMEM, although no significant changes were noted for npe,. In
the Sham knees, as expected, there were not changes in chon-
drocyte [Cat]; activities with GM6001 (Fig. 5b, Table 3). In our
previous study, we have shown that GM6001 significantly attenu-
ated the activities of MMPs in the mouse joints using MMPSense™
645 [28], these altered [Ca2*]; transients can be attributed to the
restoration of the micromechanical properties of cartilage matrix
due to attenuated catabolism, and in particular, the immediate cell
microenvironment, i.e., the PCM. These data indicate that retain-
ing the integrity of the PCM can effectively protect the normal
mechanosensitive activities of chondrocytes, potentially improving
the maintenance of joint health.

4. Discussion
4.1. Micromodulus of the PCM is a sensitive indicator of OA initiation

This study reveals that alteration of the PCM, the immediate
cell microenvironment, is one of the earliest events seen upon
the initiation of PTOA. Here, the reduction of PCM modulus (3
days after DMM) precedes changes in cartilage biomechanics in
the further-removed T/IT-ECM (Fig. 2) and at the tissue level (1
week after) [28], as well as any appreciable morphological changes
of cartilage detectable by conventional histology (4-8 weeks af-
ter) [26]. In comparison to the cartilage bulk ECM, the PCM has
a higher concentration of proteoglycans (Fig. 1), and has a faster
turnover rate [21]. Matrix biomolecules in this region are thus
highly susceptible to catabolic enzymatic degradation [42]. In fact,
aggrecan is one of the first molecular constituents that undergo
enzymatic fragmentation upon OA initiation [23]. Owing to the im-
mediacy of cell-PCM contact, fragmentation of aggrecan in early
OA is largely localized to the pericellular domain, as illustrated by
our recent work on the aggrecan degradation neoepitope stain-
ing, VDIPEN34! at 2 weeks after DMM (Fig. 6a [28]) and the lit-
erature [42]. Under the IF-AFM, indentation with a microspheri-
cal indenter tip of R ~ 2.25 pym and a maximum depth of Dpax
~ 0.5 nym yields a ~ 1.4 pm effective tip-sample contact radius, or
~ 6.3 pm? contact area. Given that each aggrecan molecule con-
sists of ~ 400 nm-long core protein decorated with ~ 40 nm-long
chondroitin sulfate (CS)-GAG side chains [43], the micromodulus
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Fig. 5. a) Comparison of the PCM and T/IT-ECM micromodulus for Sham and DMM cartilage in vehicle and GM6001-treated joints at 1 week post-surgery (> 600 locations
for each region, n = 4 animals at each time point). Each circle represents the average modulus of one DMM or Sham knee, *: p < 0.001 between vehicle and GM6001-treated
DMM joints from the averaged modulus of each joint. b) Comparison of [Ca?*); signaling characteristics between the vehicle (V) and GM6001 (G)-treated joints at 1 week
post-surgery in isotonic and hypotonic DMEM: percentage of responding cells, %Rc.; (mean + 95% CI), number of peaks within the 15-min testing timeframe, npeq, (mean +
95% CI), and duration of each peak, tpear (box-and-whisker plot). Data represent responding cells pooled from n = 3 animals for each group. *: p < 0.05 between vehicle and
GM6001 groups (n.s.: not significant). See Table 3 for the complete list of adjusted p-values.

of the PCM reflects the local integrity of a few aggrecan molecules,
collagen fibrils (~ 30-80 diameter [44]) and other minor matrix
constituents, and can be highly sensitive to matrix disruption at
the molecular level. Therefore, during OA initiation, these subtle
molecular changes, which may not yet be directly detectable by
conventional imaging or biochemical assays [45], are manifested
through the impaired PCM micromechanics (Fig. 3b).

4.2. Comparison of the sensitivity of the PCM and T/IT-ECM to OA
initiation

In comparison to the PCM, the T/IT-ECM is more distant to cells,
and has a lower concentration of aggrecan and a higher concentra-
tion of thicker collagen II/IX/XI heterotypic fibrils [9]. In OA, degra-
dation of collagen fibrils occurs at a later time than that of aggre-
can [46]. These factors suggest that the T/IT-ECM is likely to be
less sensitive to OA initiation than the PCM. In the DMM model,
the reduction of T/IT-ECM micromodulus starts at 1 week after
DMM, a similar time frame as the change of tissue-level modu-
lus [28], but slightly delayed compared to that of the PCM. De-
spite this later start time, the degree of modulus reduction was
comparable between these two domains throughout the 1- to 8-
week period (Fig. 6¢). This high sensitivity of T/IT-ECM microme-
chanics to OA, and the associated lack of contrast between the
PCM and T-IT/ECM, could be attributed to the much higher cell
density of murine cartilage (~ 20% volume ratio in adult tissues)
relative to that of larger animals or human (< 5%) [47]. This indi-
cates more efficient cell-cell communications, and means that the
T/IT-ECM also resides in the vicinity of cells (furthest distance < 10
pm from cell surface). Furthermore, given the whole organ nature
of OA, catabolism can arise from inflammatory cells from other

parts of the knee [48]. The MMPs and aggrecanases synthesized
by other cells types, such as synovial macrophages, can also con-
tribute to the breakdown of cartilage matrix [49]. In this case, the
T/IT-ECM and PCM are likely to have similar susceptibility to these
cellular activities. Also, limited by the relatively low biological re-
peats (n = 4 starting at the 1-week time point), it is possible that
our test did not detect the subtle differences between the PCM
and T/IT-ECM degradation within this period. On the other hand,
even by 8 weeks, at this intermediate OA stage, despite this quite
substantial modulus reduction throughout the matrix, the PCM has
not lost its morphological and compositional distinction from the
T/IT-ECM (Fig. 1b). Thus, at this time point, the progression of OA
has not reached the clinically-defined advanced OA stage, in which,
boundaries between the PCM and T/IT-ECM become less defined,
and PCM-specific molecules, such as collagen VI and perlecan, are
present throughout the damaged matrix [50, 51]. Collectively, these
results underscore that changes in cartilage biomechanics at the
microscale precede any gross-level compositional or morphological
alterations of cartilage.

4.3. Impact of PCM degradation on chondrocyte mechanotransduction

The impact of PCM degradation on chondrocyte mechanotrans-
duction is highlighted by the altered chondrocyte [Ca%*]; signaling
[52], both at the baseline (isotonic DMEM) and with mechanical
challenge (hypotonic DMEM) (Fig. 4). In native cartilage, chondro-
cyte [Ca?t]; characteristics are mediated by a multitude of factors,
including extracellular [53] and intracellular [54] calcium sources,
mechanosensitive ion channels on cell membrane [55, 56], adeno-
sine triphosphate (ATP)-activated intracellular pathways [57] and
cell micromechanical environments [38]. In the PCM, negative fixed
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charges on proteoglycans function as a reservoir to sequester free
counter-ions, thereby providing an important extracellular source
of Ca%* (Fig. 1a) [58]. Meanwhile, the osmolarity surrounding the
cells is directly determined by these fixed charges in the PCM [59].
Chondrocyte [Ca2t]; activities are thus expected to be highly sen-
sitive to the integrity of matrix molecules localized in the PCM,
especially aggrecan (Fig. 1a). In fact, when aggrecan is degraded in
early OA, chondrocyte [Cat]; activities are significantly attenuated
as early as 1 week after DMM under baseline (isotonic) conditions
(Fig. 4c-e).

Hypo-osmotic stimuli increase the GAG-GAG repulsion within
the cartilage matrix [60]. In addition, in hypotonic solutions, iso-
lated chondrocytes undergo a marked volume increase in vitro
[61], but such swelling is limited by the stiffer surrounding PCM
in situ [18, 61]. Hypotonic stimuli thus increase the compressive
strain on both matrix molecules and chondrocyte cells, similar to
the effects of applied tissue compression. As expected [38], un-
der the amplified GAG-GAG repulsion, hypotonic stimuli promoted
chondrocyte [Ca?*]; responses, with faster transient characteristics
in both Sham and DMM groups (Fig. 4c-e). At 3 days after DMM,
although [Ca?*]; activities were not altered in isotonic (baseline)
media, the responses to hypo-osmotic stimuli were significantly at-
tenuated compared to the Sham group (Fig. 4c-e). This could be
attributed to the initial degradation of aggrecan in the PCM and
the resulting reduction of PCM micromodulus at this early time
point (Fig. 2b). In fact, the causal impact of matrix integrity on

chondrocyte mechanosensing is highlighted by the rescue effect
of the small molecule MMP inhibitor, GM6001 (Fig. 5). When the
degradation of the matrix, and in particular, the PCM, is partially
blocked by GM6001, chondrocyte [Ca2*]; activities are also restored
toward the baseline level. Meanwhile, the degradation of the T/IT-
ECM is also partially rescued (Fig. 5a), so we cannot delineate the
influence of the PCM and T/IT-ECM on chondrocyte mechanotrans-
duction. Given the immediacy of PCM-cell contact, blocking PCM
degradation could have a more direct impact on restoring chon-
drocyte mechanotransduction. Thus, these results point to the po-
tential of developing therapeutic strategies using small molecules
to stop early aberrant remodeling in this critical cartilage mi-
crodomain, i.e., the PCM, to slow or reverse disease progression.

4.4. Implications for human OA

Our findings point to key differences between murine cartilage
and those of larger animals or human with regard to matrix mi-
crostructure, micromechanics and cell-matrix interactions. Notably,
the indentation modulus of healthy, adult murine cartilage PCM
(~ 1 MPa) is about one order of magnitude higher than those of
porcine (~ 60 kPa) [35] or human (~ 100 kPa) cartilage PCMs
[24, 32, 35]. Such contrast is consistent with the reported differ-
ences of the tissue-level modulus, where healthy murine cartilage
(~ 1.5 MPa) [28, 62, 63] is also much stiffer than porcine [64],
bovine [65] or human [24] cartilage (~ 0.1-0.5 MPa). These dif-
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ferences suggest that the cross-linking and packing of proteogly-
cans and fibrillar collagens in cartilage matrix are highly variable
across species. Also, given that murine cartilage has much higher
cell density, there could be substantial differences in the etiology
of PTOA between mice and human. Therefore, one limitation of this
study is that knowledge gained from the murine DMM model is
not directly translatable to human OA. For human cartilage, given
its lower cell density, it is possible that the PCM is much more sen-
sitive to OA degeneration compared to the bulk T/IT-ECM. Further-
more, the degeneration characteristics of the PCM and T/IT-ECM
could also vary in other forms of OA, such as ageing-associated
spontaneous OA, the etiology of which is distinct from the DMM-
induced PTOA.

On the technical front, our results underscore the importance of
accounting for the microscale heterogeneity when studying highly
cellularized tissues. On the murine cartilage section, ratio of the
three distinct domains (cells, PCM and T/IT-ECM) is approximately
1:1:3. The domain corresponding to residing chondrocytes con-
sists of cytoplasma and nucleus remnants damaged during cryo-
sectioning. These values do not represent true biophysical charac-
teristics of either cells or matrix, and need to be excluded from
data analysis. A blinded indentation mapping does not recognize
such heterogeneity or enable the exclusion of confounding arti-
facts, thereby yielding misleading outcomes. For instance, for Sham
cartilage at the 2-week time point, the modulus of T/IT-ECM mea-
sured by IF-AFM is similar to that of intact tissue [28], as expected.
In contrast, averaging values from the entire modulus map without
distinguishing the three domains would yield > 50% lower modu-
lus (Fig. 2e). To this end, IF-guided AFM offers an unbiased tool for
quantifying the micromechanics of soft tissues with high cell den-
sity and salient structural heterogeneity. On the other hand, the
sample preparation for IF-AFM involves cryo-sectioning that dis-
rupts the integrity of whole tissue. Such invasive nature means
that application of this method is mainly limited to analyzing post-
mortem tissues from animal models or human OA specimens to
gain insights of early OA, rather than being used as a diagnostic
tool for early OA detection [G6].

5. Conclusions

In summary, changes in PCM micromechanobiology are one of
the earliest events in OA initiation (Fig. 6b,c). Here, aggravated
chondrocyte catabolism leads to local degradation of proteogly-
cans, especially aggrecan, in the PCM, resulting in reduced mi-
cromodulus. This impairs the normal mechanosensing of chondro-
cytes, contributing to the vicious loop of cartilage degradation in
OA (Fig. 6b). The local PCM micromodulus (Ej,q, pcv) and mechan-
ically instigated chondrocyte [Ca®t); activity (e.g., %R in hypo-
tonic DMEM) are two key early indicators of PTOA initiation (Fig.
6¢). Furthermore, our data show that attenuating PCM degrada-
tion can protect the normal chondrocyte mechanosensing, indicat-
ing a potential for preserving joint-wide health, since these local
changes precede matrix changes at larger length scales (Fig. 5).
This insight, revealed by exploring cell-ECM mechano-crosstalk at
the nm-to-um scale, provides a basis for developing novel strate-
gies for early PTOA detection or intervention by targeting cartilage
PCM, and may have impact on other load-bearing diseases as well.
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