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Abstract

The purpose of this study was to determine the effects of arthroscopic irrigation on cartilage
superficial zone lubricin and surface friction. Arthroscopic partial meniscectomy is one of the
most commonly performed orthopaedic surgeries in the United States, but rates of osteoarthritis
progression following this procedure are high. The effect of arthroscopic irrigation on articular
surface lubrication has not been previously considered as a contributing factor in outcomes after
arthroscopy. Fourteen bovine stifle joints were randomized to receive arthroscopic irrigation (n=7)
or no treatment (n=7). Full-thickness osteochondral explants from these joints underwent friction
testing to measure static and dynamic coefficients of friction. Following mechanical testing,
samples were fixed and stained for lubricin. Percent integrated density, a measure of the amount of
lubricin in the superficial zone (0—100um depth), was determined. Static and dynamic coefficients
of friction were found to be significantly greater in arthroscopy specimens compared to controls
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(p=0.02 and p<0.001, respectively). Percent integrated density of lubricin in the superficial zone
was significantly lower in arthroscopy specimens compared to controls (p<0.001).
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1. Introduction

Arthroscopic partial meniscectomy is one of the most common orthopaedic surgeries in the
United States (Molina et al., 2015). This is concerning, as Englund and Lohmander have
reported radiographic osteoarthritis in 48% of subjects 15 to 22 years after partial
meniscectomy (Englund and Lohmander, 2004) Additionally, increased rates of cartilage
loss have been detected after partial meniscectomy compared to healthy controls via
magnetic resonance imaging (MRI) at a mean follow up of 28.6 months (Cicuttini et al.,
2002), and a retrospective review of repeat knee MRIs during a seven year interval in
patients with meniscal tears found significantly greater cartilage loss in patients post-
meniscectomy versus those who did not undergo meniscectomy (Cohen et al., 2012). While
selection bias toward surgical intervention might result in patients with more active,
symptomatic disease electing to undergo arthroscopic surgery, other factors that might
accelerate cartilage loss include iatrogenic injury due to removal of functional meniscal
tissue or inadvertent direct cartilage injury. Another potential mechanism accelerating
cartilage loss after knee arthroscopy is the effect of arthroscopic irrigation on cartilage
health, via its impact on cartilage lubrication. During arthroscopy, pressurized fluid is used
to distend and lavage the joint. Current post-arthroscopy protocols do not replenish synovial
fluid lubricants post-procedure. Patients are generally allowed to bear weight on the knee
immediately after arthroscopic partial meniscectomy. However, this may result in
mechanical damage to the cartilage surface if lubrication is impaired.

The mucinous glycoprotein lubricin (PRG4) has been recognized as an essential boundary
lubricant that protects articular cartilage from damage (Jay et al., 2012; Rhee et al., 2005;
Waller et al., 2013). Lubricin is found on cartilage and meniscal surfaces (Musumeci et al.,
2014) within the superficial zone (Elsaid et al., 2012), and within the synovial fluid(Jay,
1992; Schmidt et al., 2007). It is expressed embryologically shortly after diarthrodial joint
nucleation (Rhee et al., 2005), when joint surfaces become demarcated. Lubricin provides
both anti-adhesive and lubricating activity (Chang et al., 2008) as an end-grafted brush
molecular configuration (Zappone et al., 2007). Lack of lubricin gene function results in
Camptodactyly Arthropathy Coxa Vara Pericarditis (CACP) Syndrome (Marcelino et al.,
1999), where advanced multifocal joint degeneration develops by the second to third
decades of life (Faivre et al., 2000). Lubricin null mice show an increased coefficient of
friction (COF) ex vivo (Jay et al., 2007) and superficial and upper intermediate zone
chondrocyte apoptosis(Waller et al., 2013) resulting in cellular loss (Karamchedu et al.,
2016) in murine knee joints. Cartilage under pressure and shear stimulates lubricin
expression /n vitro (Grad et al., 2006; Nugent et al., 2006), which is impeded by additive
IL-1a which also raised COF (Larson et al., 2016).
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The present study was undertaken to determine the effects of arthroscopic irrigation on the
frictional properties of the cartilage surface post-arthroscopic irrigation. Using live cartilage
explants from fresh bovine stifle joints, our hypothesis was that arthroscopic irrigation of the
cartilage surface would be associated with elevated static and dynamic COF and with
decreased lubricin within the superficial cartilage zone compared to control samples
lubricated with synovial fluid.

2. Materials and methods

Fourteen individual bovine stifle joints with intact capsules were obtained from a local
abattoir. Samples for each specimen were obtained; experiments were completed, and fixed
for histology within eight hours of euthanasia. For control specimens (n=7), a superior
capsulotomy was performed and whole synovial fluid aspirated using a 10 ml syringe and
18-gauge needle. For arthroscopy specimens (n=7), a superior capsulotomy was performed
and an arthroscopic cannula introduced into the joint. Arthroscopic irrigation was performed
using 6 liters of lactated ringers (LR) solution at 55 mmHg fluid pressure. During irrigation,
joints were passively ranged through flexion and extension to distribute the fluid and
simulate arthroscopy. Approximately 10 ml of fluid was collected from arthroscopy joints
after 3 L of total irrigation and saved for use as a lubricant during mechanical testing.

Following synovial fluid collection (Controls) or irrigation (Arthroscopy), joint capsules
were opened and full thickness large (12 mm) and small (6 mm) osteochondral explant pairs
were harvested from three regions in the weight-bearing portion of the medial femoral
condyle: anterior, middle, and posterior (Fig. 1). Explants were harvested using custom drill
bits cooled with phosphate buffered saline (PBS). Following harvest, explants were rinsed in
PBS to remove debris and then incubated in the test lubricant; either synovial fluid
(Controls) or LR irrigant (Arthroscopy).

Static and dynamic COF were measured for explant pairs using a Bose Electroforce 3200
Series 111 Material Testing System (Bose, Framingham, MA). Each explant pair was
mounted in a custom fixture with the cartilage surfaces apposed. Explant surfaces were kept
moist with regular applications of test lubricant. Additional lubricant was applied to
cartilage surfaces just before mechanical testing was initiated. The mechanical testing
protocol was based upon that described by Waller et al (Waller et al., 2012). During
mechanical testing, a 12 N compressive load was applied across the explant surfaces
followed by an 8 minute dwell to ensure stress relaxation and surface engagement. The large
explant was then rotated relative to the small explant for 12 rotations of +/- 720° while axial
torque (t) was recorded. COFs were calculated as COF = t/((2/3)*(r)*(load), where r =
measured radius of the small explant and load is the equilibrium force following the 8
minutes of cartilage decompression (Schmidt and Sah, 2007; Waller et al., 2013). Static
COF was calculated from maximal torque measured during the first 20° of rotation, while
dynamic COF was calculated using average torque measured during the last 720° rotation.

Immediately following testing, the 12 mm explants were immersed in formalin for a
minimum of 72 hours prior to decalcification and paraffin embedding for histology. Sections
from the central contact area of each explant were stained for lubricin. Briefly, sections were
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heated to 60°C for 30 min, deparaffinized and hydrated in three changes xylene and serial
alcohol and antigen retrieval using pepsin solution (Thermo scientific). After two PBS
washes, 9g3 monoclonal antibody at 1:200 dilution was added to the slides and incubated at
4°C overnight. After washing with PBS three times, the sections were incubated with
fluorescein goat anti-mouse igG (F2761, Thermo fisher scientific, USA) at 1:100 dilution for
one hour at room temperature in darkness. The sections were washed five times using PBS
and slip covered with Vectashield mounting medium with 4”,6-diamidino-2-phenylindole
(DAPI) (Vector Laboratories Inc, Burlingame, CA). Images acquired using a fluorescence
microscope (Nikon, ECLIPSE90i) were imported to ImageJ (Jensen, 2013) and the mean
intensity and % area occupied were calculated. Mean intensity values were corrected for
background and normalized (Model and Burkhardt, 2001) using a 10% solution of standard
fluorescein dye (Catalog#F1300, Thermo Fisher Scientific). Percent integrated density,
defined as the corrected mean intensity times the % area occupied by lubricin in the
superficial zone (0-100 um), was reported.

Comparisons between treatments (arthroscopic versus control) and regions (anterior, middle,
versus posterior) were performed using two-way analysis of variance. The model consisted
of two-fixed factors, treatment (an across-subject factor) and region (a within-subjects
factor) and their interaction. Dependent variables were static COF, dynamic COF, and
percent integrated density of lubricin in the superficial zone.

Static COF was significantly greater in arthroscopy specimens compared to controls
(p=0.02; Fig. 2). The mean increase in static COF among arthroscopy specimens was 33.0%
(range 14.6%—-65.9% by condylar location). Static COF demonstrated no region effect for
the femoral condyle (anterior, middle, posterior; p=0.32). Though the difference between
arthroscopy specimens and controls was observed to be greater at mid region than the
anterior and posterior regions, there was no evidence that the effect of treatment varied by
region (p=0.33).

Dynamic COF was significantly greater in arthroscopy specimens compared to controls
(p<0.001; Fig. 2). The mean increase in the dynamic COF among arthroscopy specimens
was 223.6% (range 140.6%-294.3% by condylar region). The dynamic COF demonstrated
no region effect for femoral condyle location (anterior, middle, posterior) (p=0.12) and there
was no evidence that the effect of treatment varied by region (p=0.91).

Surface and superficial zone (0—100um depth) lubricin was significantly lower in
arthroscopy treated specimens compared to controls (p<0.001; Fig. 3 and Fig. 4). Mean
percent integrated density of lubricin in arthroscopy treated specimens was 65.2% (range
64.7%-87.2% by condylar region) and there was no significant difference in the effect of
treatment by region (p=0.93).

4. Discussion

The results confirm our hypothesis that arthroscopic irrigation of the bovine stifle joint
depletes the cartilage surface of superficial zone lubricin resulting in significantly increased
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cartilage surface static and dynamic coefficients of friction post-arthroscopic irrigation
compared to non-irrigated controls. We observed region effects for static and dynamic COF
by medial femoral condyle region, which were not found to vary by treatment. These results
suggest that removal and dilution of synovial fluid lubricants may negatively impact
cartilage surface friction immediately post-arthroscopy.

In contrast to the current protocol, previous experiments investigating the effects of saline
versus synovial fluid lubricants on cartilage friction and chondrocyte viability used cultured
cartilage explants that had undergone multiple cycles of ultracentrifugation and rinsing with
saline and culture media prior to lubricant testing (Waller et al., 2012). The present study
was therefore undertaken to determine if irrigation fluid volumes and pressures during
arthroscopy would be sufficient to deplete the articular surface of endogenous lubricants.
Our results demonstrate that arthroscopic irrigation may likewise impair cartilage surface
lubrication and decrease surface and superficial zone lubricin. Similar to our findings, Neu et
al., (Neu et al., 2010) reported increased superficial zone protein (i.e., lubricin) expression in
load-bearing cartilage regions and Moore and Burris, (Moore and Burris, 2015) reported
location-dependent variability in cartilage material properties in the bovine stifle joint. These
findings of location-dependent variability in surface lubrication and COFs have implications
for experiments using osteochondral explants and suggest that explant harvest location
should be controlled for between test groups.

One study limitation is that healthy bovine stifle joints may not accurately represent the pre-
surgical joint conditions of patients. Synovial fluid analyses performed in the setting of
synovitis (Jay et al., 2004) and anterior cruciate ligament deficiency (Elsaid et al., 2008),
have demonstrated reduced lubricin levels. Injured joints undergoing arthroscopy may have
greater impairments in lubrication than the fresh, uninjured joints used in this study. This
consideration opens up the possibility that arthroscopic irrigation may cause even greater
lubrication impairments than those reported here, and joints being treated with arthroscopy
may have already sustained superficial zone cartilage damage. Another study limitation is
that it represents only a “time zero” evaluation post-arthroscopic irrigation. The time course
for the natural recovery of synovial fluid lubricating ability post-arthroscopy remains
unknown. However, other studies are teaching us about how long a joint can withstand
temporary elevated friction. Hill et al. found that restoring PRG4 gene function in a gene
trap mouse at 3 weeks improved of friction and chondrocyte viability compared to
restoration at 2 and 6 months after birth (Hill et al., 2015). Adding purified human
synoviocyte lubricin to CACP synovial fluid and testing this as a lubricant in bovine
cartilage friction experiments produced similar static and dynamic COF values as wild-type
human synovial fluid (Waller et al., 2013). Larson et al. observed restored lubricin
expression and lower COF in bovine cartilage explants treated with IL-1” for 7 days, when
recombinant human PRG4 was added as a lubricant in cartilage friction experiments (Larson
etal., 2016).

Tribosupplementation with lubricin has previously been shown to modulate posttraumatic
osteoarthritis in animal models, (Flannery et al., 2009; Teeple et al., 2011; Waller et al.,
2012) suggesting that supplemental articular lubrication may provide an opportunity to
modify osteoarthritis progression post-arthroscopic partial meniscectomy. Further /n vivo
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work is required to better characterize the effects of arthroscopic irrigation on articular
surface lubrication and the biologic response to this intervention.
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Figure 1.
Graphic showing anterior (A), middle (M), and posterior (P) cartilage harvest sites from the

medial femoral condyle of a bovine stifle joint.
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Figure 2.

Mean static and dynamic coefficients of friction for control and arthroscopically irrigated
cartilage explants. Static and dynamic friction was significantly higher in the arthroscopy

explants compared to controls.
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Figure 3.
Mean percent integrated density of lubricin in the superficial zone (0=100um) of the medial

femoral condyle for control and arthroscopically irrigated cartilage explants. Surface and
superficial zone lubricin was significantly lower in arthroscopy samples compared to
controls.
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Figure 4.
Representative median images of histochemical detection of PRG4 with mAb 9G3in the

medial femoral condyle cartilage by region show reduced surface lubricin in arthroscopy
treated samples. Scale bars indicate 20um.
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