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Abstract

Traumatic injury to the knee leads to the development of posttraumatic osteoarthritis. The
objective of this study was to characterize the effects of a single intra-articular injection of a non-
ionic surfactant, Poloxamer 188 (P188), in preservation of meniscal tissue following trauma
through maintenance of meniscal glycosaminoglycan (GAG) content and mechanical properties.
Flemish Giant rabbits were subjected to a closed knee joint, traumatic compressive impact with
the joint constrained to prevent anterior tibial translation. The contralateral limb served as an un-
impacted control. Six animals (treated) received an injection of P188 in phosphate buffered saline
(PBS) post trauma, and another six animals (sham) received a single injection of PBS to the
impacted limb. Histological analyses for GAG was determined 6 weeks post trauma, and
functional outcomes were assessed using stress relaxation micro-indentation. The impacted limbs
of the sham group demonstrated a significant decrease in meniscal GAG coverage compared to
non-impacted limbs (p < 0.05). GAG coverage of the impacted P188 treated limbs was not
significantly different than contralateral non-impacted limbs in all regions except the medial
anterior (p < 0.05). No significant changes were documented in mechanics for either the sham or
treated groups compared to their respective control limbs. This suggests that a single intra-
articular injection of P188 shows promise in prevention of trauma induced GAG loss.
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Introduction

Menisci are critical fibrocartilaginous structures that dissipate forces between the femoral
condyles and the tibial plateau in the tibiofemoral joint*3. Meniscal structure is composed of
fibrochondrocytes, extracellular matrix (ECM), and fluid components. The ECM structure is
mainly composed of collagen and proteoglycans, which dictate the biomechanical properties
through matrix-fluid interactions2. Meniscal integrity is largely dependent on the proper
maintenance and remodeling of this tissue matrix which is primarily regulated by
fibrochondrocytes?.

Acute injury to a joint can induce post-traumatic osteoarthritis (PTOA), which has been
attributed to 12% of the 21 million cases of OA each year in the U.S.% and is often caused by
meniscal damage followed by a subsequent degradation of the structure 12:14.35.36,
Importantly, 15% of knee injuries in sport involve the menisci, indicating the importance of
exploring new treatment modalities in an attempt to prevent or delay the development of
PTOA 26, Current clinical treatment for meniscal injury focuses on repairing macroscopic
acute tissue damage, but does not treat for aberrant cellular activity that may be crucial to
development of PTOA. Interventions that mitigate this chronic disease in the joint may best
be administered early before significant changes occur in the functional properties of the
menisci.

Previous studies have shown that severe traumatic impact to the knee may lead to meniscal
damage including gross tears, the loss of fibrochondrocytes and a decrease in
glycosaminoglycan (GAG) content 1419.20_|n vitro studies of impact loading to meniscal
explants have even shown cell death and the release of GAGs from the tissue following
impact without the observation of gross damage to the tissue, such as fissuring, cracking, or
other sudden failure of the ECM 1722, Damage to the menisci alters the homeostasis of the
entire knee joint by allowing more force to be transmitted to the underlying articular
cartilage, which may lead to cartilage degradation and development of osteophytes 8:18:29.41,
The effects of trauma are compounded by the mainly avascular nature of menisci which
limits the ability of the tissue to regenerate. Therefore, preventing cell death via necrosis or
apoptosis has a twofold effect on the tissue: it preserves the limited supply of
fibrochondrocytes in the meniscus and it may prevent the release of matrix degenerating
compounds upon cell death. Therapeutic strategies that preserve both fibrochondrocytes and
the tissue matrix may hold promise in the prevention or limitation of PTOA.

A non-ionic surfactant, P188, has shown promise in preventing cell death in articular
cartilage and neurons of the brain by inserting into cell membranes of damaged cells and
restoring their integrity19.23.31.34.38 p188 is an 8400 Da tri-block polymer with a
poly(oxyethylene) — poly(oxypropylene) — poly(oxyethylene) structure. This structure
imparts hydrophilic and hydrophobic qualities which allow P188 to interact with and seal
plasma membranes. Normal cell membranes have a surface pressure of 30 mN/m, while
damaged cells have surface pressures of 20-26 mN/m?2’. P188 self-inserts at a surface
pressure of 22 mN/m, and thus will not insert into normal cell membranes. Previous studies
have investigated the effects of P188 on impacted articular cartilage explants 34 and on
articular cartilage following constrained blunt tibiofemoral impact 1°. Both investigations
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report increased cell viability at time points immediately following trauma, and Isaac et al.
report increased viability of P188 treated cells after 6 weeks 1934,

The objective of the current study was to characterize the effects of a single intra-articular
injection of P188 on the preservation of meniscal tissue following blunt trauma. The study
tests the hypothesis that a single intra-articular, post traumatic injection of P188 will help
maintain the GAG content and mechanics of meniscal tissue following a constrained, blunt
tibiofemoral impact.

Materials and Methods

Twelve skeletally mature Flemish Giant rabbits (5.6 + 0.2 kg) were used for this study. The
experiment was approved by an All University Committee on Animal Use and Care. The
tibiofemoral joint of left limbs was subjected to a constrained impact, as detailed by Isaac et
al., so as to prevent ACL and meniscal damages by limiting tibial translation 1°. In brief,
animals were anesthetized using 2% isoflurane and oxygen. The closed-joint tibiofemoral
impact, with the limb positioned at 90° flexion, was performed with a gravity accelerated
mass of 1.75 kg attached to a pre-crushed, deformable impact interface (Hexcel, 3.76 MPa
crush strength). A load transducer (Model AL311CV, 1000Ib capacity, Sensotec, Columbus,
Ohio USA),) fixed to the impact interface, was used to measure peak load, time to peak, and
duration of contact. The impact sled was arrested electronically after impact to ensure a
single insult to the joint. The right limb served as a paired, non-impacted control.

The animals were divided into two groups; treated (n=6) and sham (n=6). Immediately after
impact, treated animals received a single 1.5mL injection of 8 mg/mL P188 in sterile
phosphate buffered saline (PBS) into the left tibiofemoral (TF) joint (impacted

treated) 3:34:38, Right limbs of the treated animals, “non-impacted treated”, received a single
1.5 mL injection of sterile PBS. Sham animals received a single 1.5 mL injection of sterile
PBS into TF joints in both impacted and non-impacted limbs. The impacted limb of sham
animals were referred to as “impacted sham” and the non-impacted contralateral limb of
these animals were referred to as “non-impacted sham”. Limbs were flexed several times
following injection to distribute the solution. Rabbits were allowed free range in cages for
duration of the study, and were euthanized 6 weeks post impact. Immediately following
euthanasia, left and right limb menisci were removed from the joints. Previous studies
indicate mechanical and histologic regional variations in the meniscus 62142 Therefore,
menisci were accordingly sectioned into anterior and posterior regions for analysis.

Gross Morphological Assessment

Morphological damage scoring was performed by three blinded graders. A grading system
was developed based on previous methodologies 2833, Anterior and posterior regions of all
specimens were graded as follows; 0 = normal, 1= surface damage, 2 = un-displaced tears, 3
= displaced tears, and 4 = tissue maceration. The average of the three individual scores
(rounded to nearest whole number) for each category and each specimen were used for all
data presentation.
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Micro-Indentation

Histology

Statistics

Relaxation indentation testing (Mini Bionix 858 MTS Corp, Eden Praire, MN) was
performed on anterior and posterior regions in a limited number of specimens, n = 4 each
group, with exception of lateral posterior and medial hemijoint of the impacted treated group
(n =3) (due to uncontrollable circumstances i.e. material test system malfunctioning).
Specimens were mounted using cyanoacrylate in a PBS bath attached to an x-y translation
base and two degree of freedom camera mount to allow orientation of the specimen such
that the surface of indentation was normal to the indenter, similar to previous studies?442,
An indentation depth of 0.25 mm was chosen, well below the radius of the 1.59 mm
diameter spherical indenter but sufficient to penetrate the superficial layer of the meniscus,
which has been reported to be 100-200 um thick 3. Load data was acquired using an 8.9 N
load cell (Futek LSB200, Irvine, California). Displacement control was used to preload each
specimen to 20mN, indent 0.25 mm, and maintain the displacement for 900 seconds which
allowed the tissue to reach equilibrium. Hertzian contact was assumed. A MATLAB
(Mathworks, Natick, MA) routine, based on a Hertzian contact equation, was used to
extrapolate instantaneous and equilibrium moduli. The Hertzian contact formula is based on
the theory of linear elasticity. It has been shown under small deformations that the theory
can be applied to biological soft tissues2>. The authors assessed the linear fit of the model
during meniscal loading. The indenter moduli and Poisson’s ratio were assumed to be 210
GPa and 0.3 respectively, and Poisson’s ratio of the meniscus was taken to be 0.01 based on
a regional average from a previous study*2.

Meniscal sections were fixed in 10% formalin. Menisci were then immersed in 30% sucrose
solution for up to 72 hours for cryoprotection. Sections were then embedded in Optimal
Cutting Temperature Compound (OCT) (Pelco, Redding, CA) and flash frozen using liquid
nitrogen. The meniscal cross-sections were then cryosectioned (6pum thick) and stained for
GAG coverage using Hematoxlyin, Safranin-O (Saf-O), and Fast Green (FG) staining.
Slides were imaged using an Olympus BH2 Microscope (Olympus, Center Valley, PA) and
MicroPublisher 5.0 RTV camera (Qimaging, Surrey,BC, Canada). Meniscal GAG coverage
was analyzed semi-quantitatively using Image J (NIH, Bethesda, MD). Briefly, images were
trimmed and converted to 8 bit images, allowing a threshold to be applied. Total area of the
meniscal section was calculated using the ‘Analyze Particles’ tool and summing particles.
To separate out the red associated with GAG coverage, the original color images were color
deconvoluted using the ‘ColourDeconvolution’ tool3’. Area of GAG coverage was
calculated by thresholding the meniscal section of the deconvoluted image corresponding to
the color channel selected for GAG and analyzing and summing particles. A percent area
metric was calculated and used in all statistical analyses?®.

Paired Student t-tests were performed on the impact data (peak load, time to peak load and
contact duration) to investigate any potential differences between the treated and sham
groups of data. Two-factor (hemijoint and region) repeated measures analysis of variance
(ANOVA) with post hoc Tukey tests using Minitab software (Minitab15, State College, PA)
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was used to compare GAG coverage, instantaneous and equilibrium moduli between the
impacted and contralateral unimpacted limbs for each treatment group. A one factor nested
ANOVA was used to compare the impacted limbs of the treated and sham groups, and the
control limbs of the treated and sham groups for GAG coverage, instantaneous and
equilibrium moduli. Significance was taken to be p < 0.05 for all metrics.

Impact parameters, peak impact force, time to peak force and contact duration, for the
impacted, treated group were 1046 + 197 N, 6.6 + 1.7 ms and 19.1 + 5.3 ms, respectively,
which were not significantly different from the impacted sham group values of 1026 + 92 N,
6.5+ 1.1ms and 19.7 + 6.0 ms.

Gross Morphological Assessment

Morphological assessment outcomes are shown in Table 1. Gross morphological
assessments showed no high grade (= grade 2) damage to non-impacted treated or non-
impacted sham menisci. Grade 3 damage was observed in two medial impacted sham
menisci in both anterior and posterior regions and in one lateral impacted treated meniscus
in both anterior and posterior regions. High grade damage (= grade 3) was present in three
lateral impacted sham menisci and occurred in both anterior and posterior regions of the
same meniscus.

Micro-Indentation

The Hertzian contact equation fit the data well resulting in an average R? value of 0.97 +
0.02. No significant differences were documented in instantaneous or equilibrium moduli for
either impacted treated or impacted sham groups compared to their respective non-impacted
controls (Figure 1). The highest equilibrium and instantaneous moduli were found in the
lateral posterior horn for the non-impacted treated group.

GAG coverage

Histologically, the impacted sham group (Figure 2C, 2F) demonstrated a marked decrease in
GAG coverage compared to the paired non-impacted shams. In contrast, the impacted
treated (Figure 2B, 2E) and non-impacted treated (Figure 2A, 2D) menisci demonstrated less
difference in GAG coverage. Localized cell clustering was also observed in the impacted
groups for both sham and treated animals (Figure 2E, 2F), often along the surface and at
sites of gross damage.

All impacted sham regions (anterior and posterior) in both lateral and medial hemijoints
showed significantly lower (p < 0.05) percent GAG coverage than their respective paired
controls (Figure 3). A decrease in percent GAG coverage was observed between the
impacted treated group compared to non-impacted treated only in the medial anterior region
(p < 0.05). There were no significant differences between non-impacted treated and non-
impacted sham groups. However, percent GAG coverage was significantly higher in the
medial posterior region of the impacted treated group compared to the same region of the
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impacted sham group (p < 0.05). Overall, GAG coverage decreased less in the impacted
treated group than the impacted sham group compared to respective non-impacted controls.

Discussion

To the best of our knowledge, this is the first report investigating P188 efficacy in the
meniscus using a traumatic impaction model. GAG was targeted as an indicator of matrix
integrity in this study as it is largely responsible for the uptake, retention, and dissipation of
the fluid component in menisci and therefore essential to proper biomechanical function. In
this study a blunt, constrained tibiofemoral impact caused significant loss of GAG six weeks
post trauma in all impacted sham regions compared to non-impacted sham paired controls.
A single intra-articular injection of P188 prevented significant GAG loss post trauma in all
regions, except the medial anterior.

It is proposed that P188 prevents GAG loss via preservation of injured fibrochondrocytes by
sealing damaged cell membranes and preventing necrosis and apoptosis, based on previous
studies using P188 in articular cartilage 19:34:38.39 Fibrochondrocytes are crucial to proper
meniscal function as they produce matrix constituents which are responsible for maintaining
mechanical integrity of menisci. Mechanical insult has been shown to cause the release of
catabolic mediators that contribute to tissue matrix breakdown and the induction of cellular
apoptosis1317:32, By sealing the membranes of fibrochondrocytes which have entered the
aforementioned pathway, P188 may inhibit the continued release of these mediators and
curb additional GAG and matrix degeneration. It is unclear though whether these ‘saved’
cells continue normal GAG production, halt production of matrix degenerating enzymes, or
both. A previous study on acutely injured cartilage has indicated that P188 acts not only on
the cell membrane, but also through inhibition of p38 and Interleukin-6 signaling®.

This study showed a significant decrease in overall GAG content (anterior and posterior
regions of both medial and lateral menisci) in the impacted sham group, suggesting that the
impact in this model was able to induce molecular degradation in the menisci in addition to
the observed macroscopic damage. The lateral posterior region of the impacted sham group
was also one of the most frequent sites of meniscal tearing in this constrained animal model,
and was the location of the highest grade damage. Clinical studies often indicate significant
damage to the lateral meniscus following impact landings’:940,

The observed cell clustering phenomena has been related to the disruption of the tissue
matrix!>16, Le Graverand, et al. proposed that post traumatic matrix degeneration disrupts
the network of cellular interactions, causing an isolation of fibrochondrocytes, which when
separated from their normal signaling environments undergo a change in phenotype,
resulting in proliferation of these aberrant cells to a localized areal®. These clusters are also
an origin of calcification in damaged menisci 1° which is detrimental to meniscal function
and observed in many OA patients #1. The observation of these clusters in both the impacted
sham and impacted treated groups suggests that while P188 maintains the GAG content
through fibrochondrocyte interaction, some matrix breakdown likely occurred in the treated
group. Direct mechanical damage to the matrix may have caused a reduction of the GAG
that would not be mitigated by acute pharmacological intervention. Taken together, these
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findings suggest that additional intervention may be necessary to fully counteract any
potential enzymatic degradation of the matrix, such as administration of IL-1ra (Interleukin
1 receptor antagonist) or an aggrecanase inhibitor.

A limitation of the current study was sample size available for determination of the
mechanical properties. Despite the decrease in GAG in the impacted sham group, no
significant changes were noted in material properties. It was likely that the large statistical
variations observed in the lateral posterior and both regions of the medial hemijoint of the
treated group are attributable to the low sample number (n=3) for those groups. While there
were definitive decreases in GAG in the impacted sham group, the decreases observed may
not have been sufficient enough to cause mechanical changes. Tissue swelling, indicative of
matrix disruption, allowing greater fluid uptake by the tissue and less resistance to fluid
dispersion under applied load, was also not observed. This study utilized the Hertzian
contact solution to determine both the instantaneous and equilibrium modulus, when there is
likely little to no fluid flow and hence for small deformation the linear elastic theory is
applicable. The strong relation between load and deformation validates the use of Hertzian
contact to model this data.

Intervention with P188 has shown promise in being able to prevent a loss of meniscal GAG,
presumably by the repair of damaged fibrochondrocytes from blunt impact, but the viability
of these cells is currently uncharacterized, and is a limitation of the current study. Future
investigations should be conducted to understand the implications of these ‘saved’ cells on
the surrounding matrix and adjacent cells. Additionally, future investigations are needed to
characterize the mode, rate of absorption, and depth of P188 penetration into menisci and
surrounding tissues. Another limitation of this study was administration of a single dose of
P188 immediately post impact. While the single dosage volume was previously
optimized10:38, optimizing dosage frequency may improve results and should be considered
in future studies.

Overall, this study has shown that P188 can prevent a significant loss of GAG in menisci
following traumatic impaction. Clinical treatment of meniscal damage following injury is
limited to macroscopic methodologies often including debridement, suturing, and partial
meniscectomy. Current treatment does not address the biomolecular responses and events
following injury which help drive the progression of PTOA. Pharmaceutical intervention to
address the molecular pathways of meniscal tissue degradation following trauma may
provide a new avenue for curbing or slowing the progression of PTOA both within the
meniscus and surrounding joint tissues.
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Figure 1.

Micro-indentation results. A) Instantaneous elastic modulus B) Equilibrium elastic modulus.
Mean + standard error of the mean. ANOVA revealed no statistically significant differences
between contralateral controls limbs and either the impacted sham or impacted treated limbs.
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Figure 2.
Morphological comparisons of sections from control (A,D), impacted treated (B,E),

impacted sham (C,F), and Non-impacted, Sham (G) lateral posterior menisci. Scale bar =
2mm (A,B,C) and 200um (D,E,F). Arrowheads highlight cell clustering. Radial tear in (C) is
damage from impact.
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Figure 3.
Comparison of meniscal GAG coverage 6 weeks post impact. * denotes significant

difference between respective impact group and paired control (p<0.05). + represents
statistical difference between impacted treated and impacted sham groups of same region on
respective hemijoint, (p<0.05). Mean + standard error of the mean.
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