
Synovial Fluid Lubricant Properties Are
Transiently Deficient After Arthroscopic
Articular Cartilage Defect Repair
With Platelet-Enriched Fibrin Alone
and With Mesenchymal Stem Cells

Murray J. Grissom,* MS, Michele M. Temple-Wong,* PhD, Matthew S. Adams,* BS,
Matthew Tom,* BS, Barbara L. Schumacher,* BS, C. Wayne McIlwraith,† DVM, PhD,
Laurie R. Goodrich,† DVM, PhD, Constance R. Chu,‡ MD, and Robert L. Sah,*§ MD, ScD

Investigation performed at the University of California–San Diego, La Jolla, California, USA

Background: Following various types of naturally occurring traumatic injury to an articular joint, the lubricating ability of synovial
fluid is impaired, with a correlated alteration in the concentration and/or structure of lubricant molecules, hyaluronan, and
proteoglycan-4 (PRG4). However, the effect of arthroscopic cartilage repair surgery on synovial fluid lubricant function and
composition is unknown.

Hypothesis: Arthroscopic treatment of full-thickness chondral defects in horses with (1) platelet-enriched fibrin or (2) platelet-
enriched fibrin þ mesenchymal stem cells leads to equine synovial fluid with impaired lubricant function and hyaluronan and
PRG4 composition.

Study Design: Controlled laboratory study.

Methods: Equine synovial fluid was aspirated from normal joints at a preinjury state (0 days) and at 10 days and 3 months following
fibrin or fibrin þ mesenchymal stem cell repair of full-thickness chondral defects. Equine synovial fluid samples were analyzed for
friction-lowering boundary lubrication of normal articular cartilage (static and kinetic friction coefficients) and concentrations of
hyaluronan and PRG4, as well as molecular weight distribution of hyaluronan. Experimental groups deficient in lubrication function
were also tested for the ability of exogenous high–molecular weight hyaluronan to restore lubrication function.

Results: Lubrication and biochemical data varied with time after surgery but generally not between repair groups. Relative to
preinjury, kinetic friction was higher (þ94%) at 10 days but returned to baseline levels at 3 months, while static friction was not
altered. Correspondingly, hyaluronan concentration was transiently lower (�64%) and shifted toward lower molecular weight
forms, while PRG4 concentration was increased (þ210%) in 10-day samples relative to preinjury levels. Regression analysis
revealed that kinetic friction decreased with increasing total and high–molecular weight hyaluronan. Addition of high–molecular
weight hyaluronan to bring 10-day hyaluronan levels to 2.0 mg/mL restored kinetic friction to preinjury levels.

Conclusion: Following arthroscopic surgery for cartilage defect repair, synovial fluid lubrication function is transiently impaired, in
association with decreased hyaluronan concentration. This functional deficiency in synovial fluid lubrication can be counteracted in
vitro by addition of high–molecular weight hyaluronan.

Clinical Relevance: Synovial fluid lubrication is deficient shortly after arthroscopic cartilage repair surgery, and supplementation
with high–molecular weight hyaluronan may be beneficial.
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In healthy synovial joints, the normal, low friction between
articulating cartilage surfaces is achieved through various
lubrication mechanisms, including those acting in the

boundary mode to reduce surface-to-surface interaction.4,33

Boundary mode lubrication is mediated by interactions of
synovial fluid (SF) biomolecules with the articular carti-
lage surface and can be detected with high sensitivity
when load support by interstitial fluid pressurization
subsides.4 When such lubrication is diminished, cartilage
may undergo increased wear12 and shear strain.41 Such
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diminished lubrication has been observed for SF following
acute injuries in horses2 and humans6 and in experiments
with rabbits12 and guinea pigs38 where articular cartilage
degeneration ensued. The elucidation of situations in
which SF lubrication properties and lubricant biomole-
cules are diminished could lead to the development of
treatments to correct such lubrication deficiency.

Previous investigations of cartilage lubrication have
identified proteoglycan-4 (PRG4) and hyaluronan (HA) as
boundary lubricant molecules that are variably altered after
acute injury (AI) in SF. Increasing concentrations of HA
and PRG4, either individually or in combination, leads to
decreased cartilage-on-cartilage friction in vitro relative to
saline alone.32 Relative to concentrations in normal (NL)
joints, that of HA (CHA) in AI-SF has both been reported as
lower than2,3,6 or not different27,30,40 from CHA of NL-SF. The
molecular weight (MW) distribution of HA for AI equine SF
(eSF) has been reported as either shifted toward lower MW
forms2 or not different relative to NL-eSF.40 The concentra-
tion of PRG4 (CPRG4) in AI-SF has been reported as both
lower11,12,38 and higher2,6 than that in NL-SF. This variation
may be due to a variety of factors, including study design,
injury type, SF sampling times, and analytical methods.

Few studies have simultaneously examined the mechan-
ical and biochemical properties of AI-SF and NL-SF, allow-
ing for investigation of relationships between SF function
and composition. In AI-eSF at within 3 weeks of injury,
diminished (worse) lubrication was correlated with
decreased CHA, even as CPRG4 increased2; there, addition
of high-MW HA to poorly lubricating AI-eSF to bring the
HA concentration to 1.0 mg/mL (physiological values for
horses2) restored normal friction-reducing lubrication func-
tion. In contrast, after anterior cruciate ligament transec-
tion (ACLT) in rabbits12 and guinea pigs,38 diminished
lubricating ability was correlated with decreased CPRG4,
but CHA was not reported. In previous studies of cartilage
repair using chondrocyte-fibrin matrices in horses, eSF
HA concentration was decreased transiently.14 Delineation
of the concomitant changes in lubricating and lubricant
properties of SF after joint injury or repair would further
define states in which SF lubricating function is dimin-
ished, and cartilage damage may occur.

Such alterations in SF lubricating function may occur
after surgical repairs of cartilage defects, since such pro-
cedures markedly alter the joint environment. Microfrac-
ture is commonly used for cartilage repair in the knee
and involves forming small holes in the subchondral bone
to stimulate bone marrow cells to enter the defect and form
repair tissue.35 However, the regenerated tissue is fibrocar-
tilaginous, with load-bearing properties inferior to those of
native hyaline articular cartilage.21 The application to the

defect site of autogenously derived mesenchymal stem cells
(MSCs) within a platelet-enriched fibrin scaffold (F + MSC)
may augment cartilage repair. Bone marrow aspirate con-
centrate provides a source of MSCs capable of regenerating
cartilage,15 and previous equine studies indicate that injec-
tion of bone marrow aspirate16 or MSCs26 results in carti-
laginous repair that is superior to microfracture. However,
in the postsurgery joint, SF lubrication properties may be
abnormal.

The hypothesis of this study was that acute cartilage
injury and subsequent arthroscopic cartilage repair proce-
dures (fibrin and FþMSC) lead to alterations in the lubrica-
tion quality and composition of SF in a manner dependent on
time after treatment. The objectives were to compare eSF at
a preinjury state (t ¼ 0 d), at 10 days (t ¼ 10 d), and at
3 months (t ¼ 3 mo) following fibrin or F þ MSC surgery
of induced full-thickness chondral defects for (1) the coeffi-
cients of friction at a normal cartilage-on-cartilage interface
in the boundary lubrication mode, (2) the concentration and
quality of HA and PRG4 and molecular weight, (3) the rela-
tionship between lubrication function and composition, and
(4) the ability of high-MW HA to restore lubricating ability
in samples deficient in lubrication function.

MATERIALS AND METHODS

Materials

Reagents for lubrication testing materials were as described
previously,2,6,33 including HA in a 4000-kDa form (Healon;
Advanced Medical Optics). The antibody to PRG4 was
anti-Lubricin from AbCam,2 nonspecific rabbit IgG was
from Pierce, and mouse anti-rabbit IgG secondary antibody
was from Jackson ImmunoResearch. Streptomyces hyaluro-
nidase was from Seikagaku, SeaKem gold agarose was from
Lonza; 50X TAE (2M Tris, 0.5 M ethylenediamine tetraace-
tic acid [EDTA]) electrophoresis buffer was from Life Tech-
nologies, Hybond-P polyvinylidene difluoride (PVDF)
membrane for Western blotting was from GE Healthcare,
and Stains-All was from Sigma-Aldrich.

Operative Technique and Synovial Fluid Collection

With Institutional Animal Care and Use Committee
approval, bilateral experimental cartilage defects (15 mm
in diameter) were created (L.R.G. and C.W.M.) by removing
cartilage including the calcified layer and extending
down to, but not through, the subchondral bone in the
midlateral trochlear ridge of adult horses (age range, 2-6
years; n ¼ 12). Autologous nucleated cells from iliac crest
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bone marrow aspirate were pelleted by centrifugation, cul-
tured for 1 day, and separated from nonadherent cells.22

Stromal colonies were allowed to form, trypsinized, and
reseeded into monolayer cultures in a-minimal essential
medium with 10% fetal bovine serum and 2 ng/mL fibro-
blast growth factor–2 for 2 days.22 MSCs were collected,
expanded an additional 4 to 5 days, and then cryopreserved
until the day before surgery when they were thawed and
plated at 10,000 cells/cm2 in culture medium.22 Cells were
then trypsinized, washed in phosphate-buffered saline
(PBS), and combined with fibrinogen.22 Cells isolated in
this manner have been previously shown to have chondro-
genic and osteogenic differentiation potential.22 Fibrinogen
and platelets were harvested from horse plasma28 and
formed into a fibrin-based scaffold on injection with bovine
thrombin to achieve a final platelet concentration of 1010/mL.
For each horse (Figure 1), 1 patellofemoral joint (side
randomized) was treated with fibrin (n ¼ 12), while the
contralateral joint was treated with F þ MSC (n ¼ 12). The
defect was created as a part of the repair procedure.27 From
each of these 2 joints, eSF was aspirated at 3 times, just (~15
minutes) before making a portal for the arthroscopic defect
creation (0 d), at 10 days (10 d), and at 3 months (3 mo)
following surgery. The total eSF volume aspirated was noted
(±0.1 mL), and the eSF was clarified by centrifugation
(3000g, 30 minutes, 4�C) and stored at �80�C for subse-
quent analysis.

Experimental Design

The effects of treatment (fibrin or FþMSC) or duration (t¼
0 d, 10 d, 3 mo) postsurgery on eSF lubricant function and
composition were assessed. Portions of eSF samples were
assessed for friction-lowering properties by lubrication
tests in the boundary mode. Other portions were analyzed
for the concentrations of total protein, PRG4, HA, and HA
in MW ranges of 2.5 to 7, 1 to 2.5, 0.5 to 1, and 0.12 to 0.5
MDa, respectively.

Based on deficient lubricating properties and lower con-
centration of HA in t ¼ 10 d samples, to determine whether
HA supplementation alone could restore eSF lubricating
function, pools (n ¼ 8) of t ¼ 10 d eSF were analyzed fur-
ther. Fibrin (n ¼ 4) and F þ MSC (n ¼ 4) pools were made
by combining equal SF volumes from 2 to 3 individual fibrin
or F þ MSC samples, respectively. Samples were then
tested for friction-lowering properties alone and after in

vitro supplementation with high-MW HA (Healon) to
0.8 mg/mL (physiological) and 2.0 mg/mL (more typical of
CHA normally in humans and following therapeutic HA
injection8) to develop a dosage response.

Lubrication Tests

Portions of eSF were analyzed for start-up (static, mstatic) and
steady-state (kinetic, mkinetic) coefficients of friction as mea-
sures of boundary lubrication function in a cartilage-on-
cartilage articulation test described previously.33 Intact
articular surface pairs used were osteochondral cores and
annuli (n ¼ 65 pairs) paired from the same adult bovine
knees (n ¼ 22 harvested), stored in PBS supplemented with
protease inhibitors (PIs) (2 mM Na-EDTA, 1 mM PMSF
[phenylmethanesulfonyl fluoride], 5 mM Benz-HCl [benza-
midine hydrochloride], and 10 mM NEM [N-ethylmalei-
mide]) at �80�C prior to testing. Osteochondral substrates
were bathed in test lubricant for approximately 24 hours
at 4�C prior to lubrication testing with 18% cartilage com-
pression, an effective sliding velocity of 0.3 mm/s, and pre-
spin pause time (Tps) of 1.2, 12, and 120 seconds. Friction
coefficients were calculated using the equilibrium axial load
following 30-minute stress relaxation and, for mstatic, using
the peak torque (|t|) measured either within the first 10�

of the start of rotation and after the 120-second prespin
pause, or, for mkinetic, from an averaged |t| during steady-
state sliding. Consistent with previous work, mkinetic did not
vary significantly with Tps, so that mkinetic data are presented
as the average for all Tps.

Biochemical Analyses of Lubricant Molecules

Portions of eSF were assayed for the concentrations of pro-
tein, HA, and PRG4.2,6 Protein concentration (CProtein) was
determined by the bicinchoninic acid assay per the manu-
facturer’s protocol. PRG4 concentration (CPRG4) was quan-
tified by Western blot using anti-Lubricin antibody.2

Briefly, Streptomyces hyaluronidase–digested portions of
eSF were run (0.5-2.0 mL/lane) on a 2% agarose gel in TAE
(40 mM Tris-acetate and 1 mM EDTA at pH 8.3) with 0.1%
SDS then transferred to a PVDF membrane. The mem-
brane was probed with anti-Lubricin antibody or nonspeci-
fic rabbit IgG, followed by a mouse anti-rabbit light chain–
specific secondary antibody conjugated to horseradish per-
oxidase, and then quantified by ECL-Plus detection and

Figure 1. Study design. Adult horses (n¼ 12) were treated with fibrin (n ¼ 12) in the left (L) or right (R) knee and FþMSC (n ¼ 12) in
the contralateral knee for full-thickness, 15 mm–diameter chondral defects in the midlateral trochlear ridge. Each joint was
aspirated initially, t ¼ 0 days (NL), and at 10 days and 3 months following surgery. eSF, equine synovial fluid; F, fibrin; MSC,
mesenchymal stem cell, NL, normal.
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digital scanning using a STORM 840 Imaging System
(Molecular Dynamics). From the digitized data, PRG4 con-
centrations were determined with ImageQuant software
(Molecular Dynamics) and comparison to an equine PRG4
standard.7 The CHA of proteinase K–digested eSF was
quantified by an ELISA-like assay using recombinant
human aggrecan.19 HA MW distribution was determined
by horizontal agarose gel electrophoresis of proteinase K–
digested eSF (300 ng/lane) through a 1% agarose gel in
TAE. Gels were stained with Stains-all, and image
processing was performed to determine the distribution of
HA in 7.0 to 2.5, 2.5 to 1.0, 1.0 to 0.5, and 0.50 to 0.12 MDa
ranges.7

Statistical Analysis

Data are expressed as mean ± SEM. Differences between
treatment groups were assessed by a repeated-measures
analysis of variance (ANOVA), implemented as a linear
mixed model with a fixed factor of treatment, covariate of
time, and random effect of animal to account for the inclu-
sion of left and right joints. This implementation allows
incorporation of data even from individual joints where 1
or 2 eSF samples of the 3 time points were missing, which
was the case in 6 and 1 of the 24 joints, respectively. For the
preinjury state (t ¼ 0 d), similarity of biochemical composi-
tions of left and right knee SFs was analyzed by correlation
analysis for the Pearson correlation coefficient, paired t
tests, and Bland-Altman analysis.1 Since these analyses con-
firmed the similarity of eSF biochemical compositions from
left and right knees of an individual animal at t ¼ 0 d, as
expected, post hoc planned comparisons by Student t tests
for lubrication and biochemical data were made to assess the
effect of time postsurgery (0 d, 10 d, 3 mo) within each treat-
ment group (fibrin or F þ MSC) and to assess the effect of
treatment within each time postsurgery (10 d, 3 mo). The
dependencies of mkinetic and mstatic on CHA (total and within
defined MW ranges) were analyzed by univariate regression.
The effect of HA supplementation to deficiently lubricating
eSF was assessed by repeated-measures ANOVA, with pair-
wise comparisons made by paired t tests. Bonferroni cor-
rections were applied when multiple comparisons were
performed with data from an individual experimental
group.

RESULTS

Left Versus Right Knee Comparisons

The biochemical composition of eSF samples from left
and right knees of individual animals were similar in the
initial preinjury state (t ¼ 0 d). This similarity between
eSF from left and right knees at t ¼ 0 d was indicated
by both high Pearson correlation coefficients (r) and sta-
tistically nonsignificant paired t tests for volume, pro-
tein, PRG4, and HA (total and in MW ranges of 2.5-7
and 1-2.5 MDa) (Table 1). Furthermore, Bland-Altman
plots (representative example, CProtein) (Figure 2) indicated
that each biochemical component was similar between left

and right joints, with individual left-right differences for
each horse being within ±2 SD of the mean difference. Val-
ues of t ¼ 0 d CHA(0.5-1.0MDa) and CHA(0.12-0.50MDa) were

TABLE 1
Analysis of Dependence Between Left (L) and Right (R)

t ¼ 0 Days Data

Assay

L vs R: Correlation L vs R: t Test

Pearson r P Value

Volume 0.57 .60
CProtein 0.78 .22
CPRG4 0.45 .58
CHA 0.76 .92
CHA(2.5-7.0MDa) 0.79 .98
CHA(1.0-2.5MDa) 0.47 .69
CHA(0.5-1.0MDa) �0.36 .86
CHA(0.25-0.50MDa) �0.56 .34

Figure 2. Graphical representation of left versus right joint
similarity of equine synovial fluid (eSF) at day 0. (A) Linear
regression of left (L) versus right (R) knee CProtein. (B) Bland-
Altman plots of individual differences between left and right
knee CProtein plotted against their mean. Solid line represents
the mean difference and dashed lines represent ±2 SDs (s) of
the individual differences. All individual differences were
within 2s of the mean difference.
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somewhat different between left and right knees (Table 1).
CHA(0.5-1.0MDa) and CHA(0.12-0.50MDa) at t¼ 0 d were on average
0.008 ± 0.001 and 0.014 ± 0.001 mg/mL, respectively (and
<4.3% of the total HA for all samples), with average differ-
ences between left and right knees being small (0.009 and
0.013 mg/mL, respectively). Due to this similarity in most bio-
chemical components (volume, protein, PRG4, total HA, and
HA in 2.5-7.0 and 1.0-2.5 MDa regions), data from contralat-
eral joints were not treated as independent measures in sta-
tistical analyses.

Lubrication Function of eSF

mstatic (Figure 3A) and mkinetic (Figure 3B) varied with time
after surgery (each, P < .01) without an interaction effect
with treatment (each, P > .65), with mkinetic varying

between treatments (P ¼ .009) while mstatic,Tps¼120s did not
(P ¼ .95). mstatic,Tps¼120s (Figure 3A) at t ¼ 0 d averaged
0.094 ± 0.008, and relative to that, at t ¼ 10 d for F þMSC
tended to increase (þ37%), but did not reach statistical
significance (P ¼ .033, a ¼ .05/3). mkinetic (Figure 3B) at
t ¼ 0 d averaged 0.024, and relative to that value,
increased (þ94%) at t ¼ 10 d for fibrin and F þMSC treat-
ments (each, P < .01). In contrast, at t ¼ 3 mo,
mstatic,Tps¼120s (for both treatments) and mkinetic (for F þ
MSC) were similar to t ¼ 0 d levels (P ¼ .057-.41) (Figure
3, A and B), while mkinetic (Figure 3B) for fibrin tended to be
elevated (þ28%), but did not reach statistical significance
(P ¼ .029, a ¼ .05/3). Post hoc analysis of mkinetic did not
reveal specific differences between the 2 treatment groups
(fibrin, F þMSC) at each time (t ¼ 10 d and 3 mo) postsur-
gery (each, P ¼ .14-.22).

Biochemical Analysis of eSF

Consistent with lubrication function results, biochemical
properties of eSF were transiently altered at 10 days post-
surgery. The normal eSF at t ¼ 0 d averaged 2.73 mL in
volume, with Cprotein of 24.8 mg/mL and CPRG4 of 32.6
mg/mL. Aspirated eSF volume (Figure 4A), as well as con-
centrations of total protein (Figure 4B), PRG4 (Figure 4C),
and HA (Figure 4D) varied with time after surgery (all,
P < .001) in a treatment-independent manner (P ¼ .40-
.96). While there was no interaction effect between treat-
ment and time postsurgery for volume, CPRG4, and CHA

(each, P ¼ .72-.98), a significant interaction effect was
observed for CProtein (P ¼ .016). Relative to presurgery
values, volume, CProtein (for F þMSC), and CPRG4 at t ¼ 10 d
were higher (þ150%, þ55%, þ210%; all, P < .005), although
CProtein (fibrin) did not reach statistical significance between
t¼ 0 d and 10 d (P¼ .054). While CPRG4 returned to normal lev-
els at t¼ 3 mo (P > .069), CProtein was diminished (–39%) in t¼
3 mo samples relative to normal (P < .005), and volume tended
to be slightly elevated (þ91%) at t ¼ 3 mo relative to normal
but did not reach statistical significance (P ¼ .026-.046, a ¼
.05/3). Western blot of individual samples for PRG4 identified
a specific immunoreactive band that varied substantially
in intensity but not in migration distance (Figure 5A).

Correspondingly, the concentration of HA (Figure 4D)
in eSF was transiently decreased by surgery at t ¼ 10 d
compared with baseline. Relative to CHA ¼ 0.889 mg/mL
at t ¼ 0 d, CHA at t ¼ 10 d was lower (�64%, P < .05/4) and
returned to normal levels at t¼ 3 mo (each, P > .69). Quan-
tification of gel electrophoresis images of HA (Figure 5B)
demonstrated that HA MW distribution shifted corre-
spondingly from baseline high levels of high-MW HA
toward increasing levels of low-MW HA at t ¼ 10 d and
returned to the baseline distribution at t ¼ 3 mo (Figure
5, C-F). CHA within 2.5 to 7.0, 0.5 to 1.0, and 0.12 to 0.50
MDa bins varied with time postsurgery (all, P < .001), but
not with treatment (P ¼ .42-.84) or with an interaction
(P ¼ .43-.8) (Figure 5, C, E, and F). CHA(1.0-2.5MDa) did not
vary with time, treatment, or their interaction (all, P > .45)
(Figure 5D). Relative to t ¼ 0 d levels, CHA(2.5�7.0MDa) (Fig-
ure 5C) were lower (�79%) at t ¼ 10 d (all, P < .001) and
similar at t ¼ 3 mo (all, P > .67). CHA(0.5-1.0MDa) and

Figure 3. Effects of time postsurgery (0 days, 10 days, 3
months) and treatment (NL, fibrin, F þ MSC) on friction-
lowering lubricant properties of synovial fluid. (A) Start-up
(mstatic) and (B) steady-state (mkinetic) friction coefficients for
treatment groups ( ) fibrin and ( ) F þ MSC. n ¼ 9-12. Data
are represented as mean ± SEM. Lines indicate significant
difference between groups (P < .05/3). F, fibrin; MSC,
mesenchymal stem cell; NL, normal.

The Orthopaedic Journal of Sports Medicine Synovial Fluid Lubricant Properties After Defect Repair 5



CHA(0.12-0.50MDa) t ¼ 10 d values were higher (þ229% and
þ470%, respectively; all, P < .005; Figure 5, E and F)
relative to normal values and returned to baseline values
at t ¼ 3 mo (P ¼ .097-.90).

Univariate and Multivariate Linear Regression Analysis

Regression analysis indicated certain correlations
between lubrication properties and eSF biochemical com-
position. Univariate regression showed that mkinetic

decreased as CHA increased (P < .001) (Figure 6). This was
associated with the size distribution of HA, such that mkinetic

decreased as CHA(2.5-7.0MDa) increased (P < .001). mkinetic did
not correlate with CHA(1.0-2.5MDa) (P ¼ .27) and increased
with CHA(0.5-1.0MDa) and CHA(0.12-0.50MDa) (all, P < .001).

Restoration of Lubrication Function
by Supplementation With High-MW HA

Lubricating function of t ¼ 10 d eSF samples (mean CHA,
0.32 mg/mL) with initially deficient lubrication properties
(mkinetic) was restored by in vitro HA supplementation (to
0.8 or 2.0 mg/mL by addition of 10 mg/mL Healon) for both
fibrin and F þ MSC groups, resulting in a composition
of 95% eSF for 0.8 mg/mL groups and 81% eSF for 2.0
mg/mL groups. mkinetic was altered by added CHA (P <
.001) (Figure 7B) independent of treatment (P ¼ .42) and
without an interaction effect (P ¼ .90). With supplementa-
tion to CHA ¼ 2.0 mg/mL, the elevated mkinetic of fibrin and
F þMSC eSF (þ120% of NL-eSF, P < .01) (Figure 7B) was
lowered (P < .01) to levels indistinguishable from that of
NL-eSF (P ¼ .67). Supplementation to CHA ¼ 0.8 mg/mL
tended to reduce mkinetic but did not reach statistical signif-
icance (P ¼ .019, a ¼ .05/4). mstatic,Tps¼120s was not modu-
lated by CHA or treatment, and no interaction effect was
evident (all, P > .10) (Figure 7A).

DISCUSSION

These results indicate that SF lubrication function and bio-
chemical composition are modulated over time following
arthroscopic repair of a cartilage defect for 2 types of repair.
Boundary lubrication function was diminished shortly at
t ¼ 10 d after surgery and returned to normal at t ¼ 3 mo,
as indicated by increased steady-state friction coefficients
for t ¼ 10 d samples relative to t ¼ 0 d and 3 mo samples
(see Figure 3). This lubrication deficiency of eSF for t ¼ 10 d
samples was associated with decreased concentration of HA
(Figures 4D and 6) and a shift toward lower MW forms of
HA(Figure5), aswellas increases involume (Figure 4A), con-
centration of protein (Figure 4B), and concentration of
PRG4 (Figure 4C). High-MW HA supplementation of
lubricant-deficient t ¼ 10 d eSF samples resulted in a
dose-dependent restoration of lubrication function (Figure 7).

The equine experimental model of the present study has
a number of advantages but also some limitations. It
allowed for a repeated-measures study design to investi-
gate changes in the lubricating ability and composition of
SF, as it transitioned from normal to injury and repair

Figure 4. Effects of time postsurgery and treatment on eSF
properties as described in Figure 3. (A) eSF volume. Concen-
trations of (B) protein, (C) PRG4, and (D) HA. n ¼ 10-12. eSF,
equine synovial fluid; HA, hyaluronan; PRG4, proteoglycan-4.
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states. The patellofemoral joint of horses can be operated on
arthroscopically, analogous to surgical repair of cartilage
damage in the human knee joint. The comparison
between normal (t ¼ 0 d), injury (t ¼ 10 d), and repair
(t ¼ 3 mo) states within each animal obviates the
interanimal variability that is substantial across popula-
tions of different animals. The bilateral design ensured
that similarities between left and right joints in the ini-
tial preinjury state could be evaluated. One limitation of
this design is that without a sham surgery, untreated
chondral defect, or microfracture treatment (commonly
used cartilage repair procedure), it is unclear whether
the effects at times after surgery were specific to the type

of cartilage repair procedure or may have been due to the sur-
gery, creation of the defect, or treatment of the defect. How-
ever, the focus of this study was to investigate the combined
effect of defect and surgery, as relevant in the postinjury
and/or postsurgery state, at which time lubrication function
is diminished and further cartilage damage may occur. Fur-
ther study of the effect of an untreated defect or arthroscopy
alone could help to define ways to augment this surgical mod-
ality to minimize alterations to SF properties. Also, the time
points (t ¼ 0 d, 10 d, 3 mo) were limited but similar to those
(4 d, 7 d, 21 d) of a previous study on equine cartilage repair.14

The finding of time-dependent alterations in lubrication
after surgery is consistent with and extends previous

Figure 5. Effects of time postsurgery and treatment on eSF properties as described in Figure 3. Representative (A) PRG4 Western
Blot and (B) agarose gels of eSF with HA MW markers at left. (C-F) CHA for indicated MW ranges for fibrin and F þMSC. n¼ 10-12.
eSF, equine synovial fluid; F, fibrin; HA, hyaluronan; MSC, mesenchymal stem cell; MW, molecular weight; PRG4, proteoglycan-4.
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studies of properties of SF after joint injury. The elevated
t ¼ 10 d coefficient of friction was consistent with observa-
tions of diminished lubricating ability relative to the
normal state of SF obtained from acutely injured horses2

and patients shortly following tibial plateau fracture,6

tested under the same cartilage-on-cartilage lubrication
test employed here, as well as rabbits following ACLT
tested under a cartilage-on-glass system,12 and guinea pigs
following ACLT tested under a whole-joint pendulum sys-
tem.38 The restoration of normal lubricating ability by the
long (t ¼ 3 mo) duration postsurgery may be analogous to
the normal lubricating properties of eSF after chronic
injury2 and human SF (hSF) from patients with various
grades of osteoarthritis.9

Certain baseline (t¼ 0 d) and injury properties of eSF were
consistent with previous studies. The mkinetic of t ¼ 0 d eSF
samples was comparable to that of normal SF in previous
studies in horses (0.026) and humans (0.022), using the same
cartilage-on-cartilage lubrication test employed here,2,6 and
also to results from latex-on-glass lubrication tests for normal
bovine SF (0.021), as well as to hSF from patients with degen-
erative joint disease (0.024), who were proposed to have nor-
mal lubricating ability.9 The increased volume and protein
for t ¼ 10 d eSF samples was in agreement with previous
studies.18,25

Variations in concentrations of the lubricant molecules
HA and PRG4 were also somewhat consistent with those
of previous studies. Alterations of SF composition following
an arthroscopic repair procedure have been reported previ-
ously in humans37 and horses,14,20 and the present study
builds on those by defining the time-dependent effect on
eSF lubricant molecules and concomitant effects on eSF
lubricating function. The HA concentration in t ¼ 0 d sam-
ples (CHA ¼ 0.89 mg/mL) was within the published range of
0.26 to 1.3 mg/mL for normal eSF.2,29 The decrease in CHA

for t¼ 10 d samples, relative to t¼ 0 d values, that returned

by t ¼ 3 mo was consistent with the time course and magni-
tude of decreased HA concentrations of eSF from joints
following cartilage repair14 and was consistent with dimin-
ished HA concentrations for both eSF from acutely injured
carpal or metacarpophalangeal joints2 and hSF from
patients with traumatic arthritis and hydrarthrosis3 or
shortly following tibial plateau fracture.6 On the other
hand, other eSF analyses have not detected effects on CHA,
relative to normal, for horses at 1 to 2 weeks following
experimental treatment with fibrin matrices with or with-
out IGF-1 for an analogous cartilage defect27 and horses
with acute traumatic synovitis.30,40 The elevated PRG4
concentration in t ¼ 10 d samples, relative to t ¼ 0 d sam-
ples, is consistent with previous studies on hSF from

Figure 6. Univariate regression of mkinetic versus CHA.

Figure 7. Effect of supplementing t ¼ 10 days equine synovial
fluid (eSF) pools on (A) mstatic and (B) mkinetic with 4 MDa Healon.
CHA was at native levels or increased to a final concentration of
0.8 or 2.0 mg/mL. Lines indicate groups that are significantly
different (P < .05/4). *: versus t ¼ 0 days (P < .05/4). n ¼ 4 for
Native, 0.6 and 2.0 mg/mL groups. Average for t ¼ 0 days
groups (n ¼ 11) is also shown as dashed lines for reference.
F, fibrin; MSC, mesenchymal stem cell; NL, normal.
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patients shortly following tibial plateau fracture,6 eSF from
acutely injured horses.2 However, the opposite change, of
decreased PRG4 concentration, was observed in studies
on SF obtained from rabbits12 and guinea pigs38 following
ACLT or from patients with ACL injury.11 The differences
may be due to differences in experimental design, acute
injury type, joint type, species, and method of determining
HA and PRG4 content and quality. For example, in addition
to characterizing PRG4 directly from SF, analyses of pro-
tein and carbohydrate components may reveal differences
between joint states.13,36 Also, joint destabilization injuries,
such as ACLT, may alter the synovial mechanical environ-
ment34 compared with the cartilage defect injuries here,
and such differences may have differential modulatory
effects on the rates of secretion and joint efflux of HA and
PRG4. The present study expands on these previous works
by detailing the alterations in HA and PRG4 following car-
tilage defect repair surgery.

The finding of the decrease in HA concentration and shift
in HA toward low-MW forms at 10 days postsurgery pro-
vides new information with potential therapeutic implica-
tions. One previous study on eSF HA MW had an upper
detection limit of 3 MDa with high-performance liquid chro-
matography40 and resolved normal HA MW as being predo-
minantly in the 2 to 3 MDa range. This technical limitation
may have led to the apparent similarity in HA MW distri-
bution between normal and acute traumatic arthritis eSF40

since, as found in the present study, HA MW extends up to
3 to 7 MDa.5 The current findings on altered structure of
HA after joint injury and repair are consistent with our
recent study on AI-eSF.2

The finding that the in vitro addition of high-MW HA to
equine SF that is deficient in lubricating ability restores
lubricant function suggests that intra-articular lubricant
supplementation may help maintain and/or restore the
boundary lubrication function of SF following arthroscopic
joint repair surgery. While there is a vast amount of infor-
mation regarding the possible mechanisms of action of
HA17 and the use of HA as a clinical treatment for osteoar-
thritis,39 there is limited information on clinical studies of
HA as a treatment for acute joint injury10,42 or cartilage
repair.31 To evaluate a possible role of HA injections to aug-
ment lubrication after surgery for acute knee injury, the
time-dependent concentrations of HA and its contribution
to cartilage lubrication needs to be clarified at various
times postsurgery. The dose dependence of the lubricating
ability of eSF following supplementation of high-MW HA
to 2.0 mg/mL extends our previous study of chemical aug-
mentation of AI-eSF.2 The finding that in vitro HA supple-
mentation restores SF lubrication function for t ¼ 10 d
samples supports the correlative data, implicating low con-
centration of high-MW HA as the cause of lubrication defi-
ciency. However, this does not eliminate the possibility
that other unstudied molecules in the t ¼ 10 d eSF may
interfere with the individual or combined lubricating
mechanisms of PRG4 and HA. In studies on osteoarthritis
hSF with diminished lubricating ability and normal CHA

but diminished CPRG4, normal lubricating ability was
restored following supplementation with PRG4 to normal
levels.23 On the other hand, in the current study, CPRG4

was elevated in deficiently lubricating postsurgery
eSF. Thus, there may be applications for either HA or
PRG4 as a viscosupplement, depending on the indepen-
dent and interactive effects of molecules in SF. However,
injection therapies may require repeated applications or
extended-release formulations, since the residence time
of HA in synovial joints is approximately 24 hours and this
decreases following joint injury.24
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