DISSERTATION

EARLY OSTEOARTHRITIC CHANGES IN A CANINE CRANIAL CRUCIATE

DEFICIENT MODEL

Submitted by
Troy Neal Trumble

Department of Clinical Sciences

In partial fulfillment of the requirements
For the Degree of Doctor of Philosophy
Colorado State University
Fort Collins, Colorado

Spring 2004

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number: 3131703

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleed-through, substandard margins, and improper
alighment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized

copyright material had to be removed, a note will indicate the deletion.

®

UMI

UMI Microform 3131703
Copyright 2004 by ProQuest Information and Learning Company.

All rights reserved. This microform edition is protected against

unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



COLORADO STATE UNIVERSITY

June 23, 2003

WE HEREBY RECOMMEND THAT THE DISSERTATION PREPARED
UNDER OUR SUPERVISION BY TROY TRUMBLE ENTITLED EARLY
OSTEOARTHRITIC CHANGES IN A CANINE CRANIAL CRUCIATE DEFICIENT
MODEL BE ACCEPTED AS FULLFILING IN PART REQUIREMENTS FOR THE

DEGREE OF DOCTOR OF PHILOSOPHY.

(Please print name
under signature)

/

Department Hé'ad(I’Directy’

il

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ABSTRACT OF DISSERTATION
EARLY OSTEOARTHRITIC CHANGES IN A CANINE CRANIAL CRUCIATE
DEFICIENT MODEL
Objective. To examine the early pathological, clinical, and biomarker responses that
occur secondary to arthroscopic cranial cruciate ligament (CrCL) transection in the dog,
for the purpose of determining the efficacy of a synthetic matrix metalloproteinase
(MMP) inhibitor (BAY 12-9566) in slowing down the progression of osteoarthritis (OA).
Methods. An arthroscopic technique was developed and used to successfully transect the
right CrCL in 39 dogs. Twenty and 19 dogs were orally administered BAY 12-9566 or a
placebo, respectively, starting at 2 weeks post-transection and continued daily throughout
week 18. Serum and synovial fluid collection, subjective pain scores (lameness, degree
of weight bearing, response to joint extension, overall pain score, and effusion score),
radiographs, and force plate analyses were all performed prior to CrCL transection, and
then at various time points throughout the study until sacrifice at 18 weeks post-
transection. At 18 weeks, gross and histologic grading was performed. Immunoassays
were performed using the serum and/or synovial fluid in an attempt to determine the level
of inflammation (prostaglandin-E;), proteoglycan turnover (sulfated glycosaminoglycans-
sGAG), bone formation (bone alkaline phosphatase-BAP, and osteocalcin-OC), collagen
synthesis (carboxy-propeptide of type II collagen-CPII), type II collagen degradation
(234CEQ neoepitope), type I and II collagen degradation (COL2-3/4Cgpon neoepitope),
and type I collagen degradation (calculated as COL2-3/4Cgort — 234CEQ). An additional

3 dogs underwent serial arthroscopic examinations of the stifle post-transection.
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Results. Post-transection arthroscopic examinations demonstrated that articular cartilage
and medial meniscal damage started as early as 2 weeks after transection and generally
progressed. At 18 weeks, the gross and histologic lesions were highly variable between
dogs with respect to incidence, location, severity, and type. Clinical parameters
(lameness, degree of weight bearing, joint extension, overall pain score, and effusion
score) became significantly worse after transection. PGE; concentration peaked at 2
weeks and correlated with the peak vertical force and impulse, and subjective lameness
and effusion scores. Biomarker analyses demonstrated that type II collagen synthesis and
degradation increased after transection, with synthesis predominating early and
degradation at the end of the study. Synovial fluid type I collagen degradation was
greater than type II collagen, predominating early while type II collagen degradation
predominated later. Synovial fluid BAP levels from the operated stifle was significantly
correlated to the total radiographic osteophyte score. All analyses did not reveal any
significant differences between dogs treated with BAY 12-9566 compared to placebo
treated controls.
Conclusion. Intra-articular damage starts to occur shortly after arthroscopic CrCL
transection and progresses at a highly variable rate such that the MMP inhibitor BAY 12-
9566 could not slow down the progression of OA when administered daily from 2 to 18
weeks post-transection. Biomarkers of inflammation, collagen synthesis and degradation,
and bone formation can be successfully used in this cruciate-deficient model to
characterize sequential patterns of intra-articular damage that occurs.

Troy Neal Trumble

Department of Clinical Sciences

Colorado State University

Fort Collins, Colorado
Spring 2004
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1 Introduction

1.1 Purpose of study

Osteoarthritis (OA) is a common musculoskeletal problem of dogs and humans,
such that one or more joints become unable to move freely and without pain. It is
represented by changes in the articular cartilage, synovial membrane, subchondral bone
and synovial fluid, so that they are no longer able to absorb and dissipate the loads
applied across the joint'. All of these components of joints are interrelated, so that any
alteration to one will potentially change the properties of the others, resulting in possibly
irreversible damage, leading to long-term morbidity. One of the most commonly injured
joints in both dogs and humans is the stifle (knee), in which rupture of the cranial
(anterior) cruciate ligament (CrCL) is the most commonly damaged structure’. The
resulting abnormal forces placed across the stifle lead to functional and structural changes
of the joint that are typical of OA. However, the exact etiopathogenesis of these
catabolic changes are not completely understood.

For over 30 years, researchers have intentionally transected the CrCL in dogs and
other animals in an attempt to create a model of osteoarthritis and increase our knowledge
about this specific musculoskeletal problem in hopes that both dogs and humans would
benefit from the results of their studies. One of the most beneficial aspects of this model
is that it has helped to define the earliest changes that occur after injury as well as the
cascade of events that follow. This has helped identify many of the mechanical and
biochemical factors responsible for maintaining and potentiating the degradative

processes. As a result, surgical intervention and/or medical treatments have been
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developed in an attempt to block the degradative cascade before the catabolic state has
reached a critical stage beyond which repair is not possible. However, even though we
understand much more about the etiopathogenesis of OA now compared to 30 years ago,
our main therapeutic interventions have not changed much. In other words, we still
primarily attempt palliative means to control the clinical signs of inflammation and pain,
but do little to reduce or reverse the actual destruction of the joint. This has prompted the
development of disease modifying osteoarthritis drugs (DMOADs) that specifically
attempt to block one or more aspects of the catabolic process so as to prevent further
structural and functional damage to the joint. However, since these drugs do little to
minimize clinical signs, efficacy must be proven by demonstrating that less destruction
has occurred to the joint at both a macroscopic and biochemical level. Therefore, this
study will examine the efficacy of a DMOAD using pathologic, clinical and biochemical
examinations.

1.2 Specific objectives

The objectives of the research reported in this study were to:

1. develop and describe an arthroscopic approach to transect the CrCL in dogs
for the creation of an experimental model of OA.

2. determine, using clinical, macroscopic, microscopic, and biomarker analyses,
the efficacy of a disease modifying drug that inhibits the action of degradative
enzymes responsible for catabolic changes in a joint after CrCL transection.

3. characterize the temporal pattern of clinical, macroscopic and biomolecular
changes that occur in a joint after CrCL transection using non-invasive

methods including: arthroscopy, force plate and radiographic analyses, as well
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4.

1.3

as biomarker analyses o f i nflammation, c ollagen sy nthesis and d egradation,
proteoglycan turnover, and bone formation.
analyze the macroscopic variability of this osteoarthritis model.

Hypotheses

The following hypotheses were proposed for this study.

1.

The development and use of arthroscopic transection of the CrCL as a model
of osteoarthritis will create consistent pathological changes in the stifle.
Articular cartilage degradation and meniscal damage will be established
within the first few weeks after CrCL transection and severe meniscal damage
can be identified using force plate analysis.

Treatment with the matrix metalloproteinase (MMP) inhibitor, BAY 12-9566,
will result in significantly less pathologic changes, collagen degradation and
proteoglycan turnover in stifle joints after CrCL transection compared to
placebo-treated dogs.

Both type II collagen synthesis and degradation will increase after CrCL
transection, with synthesis diminishing and degradation predominating over
time.

PGE, concentrations in the synovial fluid will peak early and correlate to
objective analysis of lameness via force plate analysis.

Serum levels of bone alkaline phosphatase (BAP) and osteocalcin (OC) will
not differ from baseline after CrCL transection, but BAP levels in synovial
fluid will increase and correlate with osteophyte progression identified

radiographically.
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1.4  Literature review
1.4.1 Normal canine stifle.

1.4.1.1 Anatomical overview. The structure of the canine stifle is the
quadrupedal equivalent to the bipedal knee and is slightly different than most joints. In
general, a joint is made up of two congruent bony surfaces that are held together by
ligaments, and are covered by hyaline cartilage bathed in synovial fluid and surrounded
by a joint capsule. The stifle, however, is a compound condylar synovial joint that does
not have congruent bony surfaces (Figure 1.1)°.  Semilunar fibrocartilages, called
menisci, are interposed between the abaxial portion of the articular cartilages of the femur
and tibia. They are almost triangular in cross-section, with the apex directed axially in an
attempt to make the femoral and tibial surfaces congruent, leaving only the central

portion of the tibial plateaus to articulate directly with the femoral condyles. The main

Craniat Cruciate Ligament
Caudal Cruciate Ligament

Medial Meniscus Lateral Meniscus

N

Medial Collateral Ligament \ Lateral Collateral Ligament

Tibia :

Figure 1.1. Schematic of the normal canine stifle with the femur maximally flexed to clearly
demonstrate the cruciate ligaments. Structures are labeled accordingly. Adapted from Arnoczky, SP, et
al., 1977.
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stabilizers o f the stifle include the collateral and cruciate ligaments (Figure 1.1). T he
collateral ligaments are attached to the medial and lateral aspects of the femoral
epicondyles and proximal tibia, whereas the cruciate ligaments cross each other in the
middle of the joint connecting the axial aspect of the femur and tibia. The stifle consists
of one large synovial structure that is divided into four regions that are based on the
anatomical structures that articulate, including: the femorotibial, femoropatellar,

3. Most of the clinically important

femorofabellar, and the proximal tibiofibular regions
articulations occur in the femorotibial and femoropatellar areas, and will therefore be the
focus of this report. The femorotibial joint articulation is the area between the femoral
condyles and the tibial plateaus w here the menisci are located, and the femoropatellar
joint articulation is formed between the trochlea of the femur and patella.
1.4.2 Normal structure and function.

1.4.2.1 Cruciate ligaments. Within each stifle there are two intra-
capsular, extra-synovial cruciate ligaments that are named according to where they insert
on the tibia. The cranial cruciate ligament (CrCL) inserts on the cranial aspect of the
proximal tibia, whereas the caudal cruciate ligament (CaCL) inserts on the caudal aspect
of the proximal tibia (Figure 1.1). These are equivalent structures to the anterior cruciate
ligament (ACL) and posterior cruciate ligament (PCL) in humans, representing relative
differences in nomenclature between bipeds and quadrupeds. The cruciate ligaments are
relatively acellular, with an abundant extracellular matrix that is composed primarily of
type I and III collagens, elastin, proteoglycans, glycosaminoglycans (GAGs) and water”.

The collagen fibers are arranged in slightly random parallel bundles to maximize tensile

forces in all directions, and the proteoglycans and GAGs attract and hold water, adding
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structure to the matrix as well as support of the collagen arrangement”. The elastin
provides a small amount of elongation during tension of the ligament to protect the bony
insertions”.

The CrCL originates on the caudal axial surface of the lateral femoral condyle and
courses cranially, medially, and distally, creating a slight outward (lateral) twist to insert
slightly cranial and lateral to the intercondylar eminence of the tibia (Figure 1.1)6. The
CrCL is further subdivided into two major bands, the craniomedial and caudolateral
bands that are named for their relative attachment locations on the femur (cranial or
caudal) and on the tibia (medial or lateral)®. When extended, the caudolateral band is taut
while the craniomedial band is relatively lax, whereas during flexion, the craniomedial
band tightens and the caudolateral band loosens®. The clinical importance of this is that
the CrCL remains under tension throughout the range of motion of the stifle allowing the
CrCL to have considerable reserve strength above the requirements for normal
ambulation. As a result of this anatomy and orientation, the CrCL functions as the
primary stabilizer of the knee in extension and internal rotation®’. In other words, it has
a primary role in the control of cranial tibial translation (cranial draw) and
hyperextension, with a secondary role in the control of varus-valgus and rotational
stability®.

The CaCL originates on the axial surface of the medial femoral condyle and
courses caudally and distally to attach into a depression on the caudal tibia between and 1
cm distal to the tibial plateaus (Figure 1.1)°. The CaCL is also comprised of two major
bands named for their attachment sites on the femur and tibia. In extension, the

craniomedial band is lax and the smaller caudolateral band is taut®. When flexed, the
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% As a result of this anatomy and

caudal band becomes lax and the cranial band tightens
orientation, the primary function of the CaCL is as a restraint to caudal displacement of
the tibia, in addition to stabilizing the medial aspect of the joint by assisting the medial
collateral ligament and resisting axial rotation (outward) of the tibial plateau during
loading®. It is the secondary stabilizer against hyperextension, after the CrCL®?.
1.4.2.2 Menisci. The medial and lateral menisci are semilunar
fibrocartilages interposed between the articular cartilages of the femur and tibia. The
menisci consist primarily of type I collagen, water, and small amounts of proteoglycans
and GAGs”*. Similar to the cruciate ligaments, the proteoglycans and GAGs attract and
hold water in the extracellular matrix providing extra support to the collagen network’.
Each meniscus has a cranial and caudal ligamentous attachment to the tibia. The lateral
meniscus also has a caudal femoral attachment. The size, orientation, and strength of the
meniscal attachments determine the magnitude and direction of the load transmitted to
the meniscal substance, and guides meniscal displacement during joint motions'®. The
lateral meniscus is slightly thicker than the medial meniscus due to the difference in
shape of each condyle so as to provide for joint congruency. The medial meniscus is
more firmly attached to the abaxial joint capsule and medial collateral ligament than the
lateral, which only attaches to the joint capsule. Therefore, the lateral meniscus is more
movable during flexion by sliding caudally on the tibia allowing it to be able to fully
accept load transmission (Figure 1.2)'°.
The menisci function to protect the opposing articular surface by acting as a shock

absorber, increasing the stability of the joint by deepening the articular surface on the
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tibia, and relieving the incongruity between the femur and tibia®. The curvature of the

condyles distributes the load optimally when the menisci are present, but not when

Caudal

Flexion

Extension

Cranial

Figure 1.2. Schematic of the proximal aspect of the tibia with the menisci present, to demonstrate the
amount of excursion of the menisci in normal extension and flexion (shaded). Note the limited amount
of movement of the medial meniscus. Reprinted from Arnoczky, SP, et al. 1977.

absent'!. The collagen fibrils are radially arranged on the surface and circumferentially
arranged on the interior, allowing the menisci to transfer compressive forces into
circumferential tensile forces minimizing the load placed upon the articular surface of the
tibia'?. Therefore, the menisci are capable of transmitting 40-60% of the applied load
across the joint''. In addition, the menisci have also been shown to aid in lubrication,
provide the articular cartilage with nourishment, and provide proprioception®'*!4,

1.4.2.3 Articular cartilage. Hyaline cartilage is a smooth, glistening

tissue on the ends of articulating surfaces of bones within diarthrodial joints. It
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communicates with the synovial cavity superficially and attaches to the subchondral bone
on its deepest surface. Hyaline cartilage is relatively acellular, and has no blood vessels,
lymphatics, or nerve tissue. It is made up primarily of water (70-75%) and electrolytes
that are maintained within the extracellular matrix created by chondrocytes surrounded
primarily by collagen, proteoglycans, and glycosaminoglycansls.

Microscopically, articular cartilage is divided into 4 major zones, including the

superficial zone at the surface, followed by the middle or intermediate zone, the deep

zone, and finally the calcified zone (tidemark) (Figure 1.3). In adult articular cartilage,

Articular Surface

Superficial Zone  F IS TEws T T e

Middle or Intermediate Zone:

Pericellular region

Territorial region

Deep Zone Interterritorial region

Tidemark

Calcified Zone Hypertrophic chondrocyte

Subchondral bone

Subchondral bone marrow

Figure 1.3. Schematic of the microscopic appearance of adult articular cartilage, with the respective
zones and regions identified. Adapted from Eikenberry, EF, et al., 1999.

these zones consist of two major compartments, including the metabolically active cell-
associated matrix, next to the chondrocytes, and the further removed interterritorial

matrix">.

Chondrocytes account for 2-5% of the articular cartilage volume and take on
slightly different shape and function, depending upon their location within articular

cartilage. Chondrocytes have the greatest cell density near the surface and are flattened
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and oriented parallel to the surface, whereas in deeper zones, they are more spherical and
extend slightly perpendicular (Figure 1.3). The deeper the chondrocytes, the more
heterogeneity with respect to shape, surface receptors and metabolic activities'”.
Chondrocyte nutrition relies on the diffusion of nutrients from the synovial fluid since
cartilage is avascular with the layers being subjected to different concentrations of
nutrients and metabolites'”.

Collagen represents ~60% of the dry mass of articular cartilage'®. The four types
of collagen found in normal articular cartilage are types II, VI, IX, and XI'®. Type II
collagen accounts for 90% of the total collagen in hyaline cartilage, but is also located in
the nucleus pulposus of the intervertebral discs, vitreous humor, and trachea'®. It
provides the primary torsional stability and tensile strength of cartilage by linking
together with glycoproteins and proteoglycans. Type VI collagen forms a highly cross-
linked, branched network in and around the type II collagen fibril that is highly adhesive
for many cell types such as proteoglycans and may play a role in linking the larger
collagens to the cell surface’®>. Type II collagen contains 3 identical a1 (II) polypeptide
chains arranged in a right-handed triple helical pattern via a repeat of glycine residues to
produce a tropocollagen subunit that forms collagen fibrils with a quarter stagger array
extracellularly (Figure 1.4)">. Covalent crosslinks then form between the respective o
chains and between other collagen molecules, conferring stiffness and strength to the
fibril and the tissue. In addition, type IX collagen links to a type II collagen fibril in an
antiparallel fashion to stabilize the 3-D organization of the collagen network by filling in
the gaps, and interacting with other matrix components, as well as preventing fibril-fibril

interactions'’. Type XI collagen plays a pivotal role in the control of cartilage collagen

10
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Collagen Fibril

Collagen fibril from
above displaying a
periodic banding
pattern, with linkage
of type IX collagen

Type I collagen triple helical Type X collagen Type IX collagen
Tropocollagen subunit with
Type Vi coliagen (not visible)

Figure 1.4. Schematic of collagen fibril assembly (top), including triple helical type II tropocollagen
subunits packed into a quarter-staggered array that leads to a periodic banding pattern that is visible
with electron microscopy (middle). The relative locations of types XI with respect to the type II
collagen triple helix, and type IX collagens with respect to the entire collagen fibril are shown. A key
of symbols is listed at the bottom. Adapted from von der Mark, K, 1999.

fibril assembly in articular cartilage by controlling the thickness of type II collagen and
may be the core upon which type II collagen is deposited'’. The arrangement of the
collagen fibrils in articular cartilage varies depending upon the zone. At the surface, the
fibrils align with the joint surface, whereas in the intermediate zone, the fibrils are
randomly distributed in 3-dimensions. Finally, in the deep zone, the fibrils are nearly
parallel to the long bone axis'.

Proteoglycans account for 5-7% of the wet weight of articular cartilage'’. The
main proteoglycans present in articular cartilage include aggrecan, decorin, fibromodulin,
and biglycan. Aggrecan is a large aggregating proteoglycan that represents 50-85% of
the proteoglycans present in hyaline cartilage'’. The basic structure for all proteoglycans
consist of a protein core to which glycosaminoglycan (GAG) side chains of keratan
sulfate (KS) and chondroitin sulfate (CS) are covalently bound. The aggrecan protein

core is made up of three globular domains (Figure 1.5). Two globular domains (G1 and

11
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Figure 1.5. Schematic of the basic structure of the proteoglycan of aggrecan. The protein core is made
up of three globular domains (G1, G2, G3), with multiple glycosaminoglycan side chains of keratan
sulfate (KS) and chondroitin sulfate (CS) bound between G2 and G3. The G1 globular domain binds
the aggrecan core to a long strand of hyaluronic acid (HA) at the hyluronan binding region (HABR),
and is stabilized by link protein (LP). The interglobular domain (IGD) between G1 and G2 is a
common site for proteolytic cleavage of aggrecan. Adapted from Hardingham, T, 1999.

G2) are present at the N-terminal region with the third (G3) located at the C-terminal
region. G1 binds the aggrecan core protein to a long hyaluronic acid (HA) strand at a
hyaluronan binding region (HABR) and is stabilized by link protein (LP)'®. Because of
this HA binding of aggrecan, many proteoglycans monomers can aggregate together
along the HA chain (Figure 1.6), providing further structure to the cartilage matrix'’.
Biglycan, decorin, and fibromodulin are small proteoglycans that can bind to other
constituents in the matrix, like collagen, and contribute to the structural network.

The structure of proteoglycans in cartilage is not uniform, in that there is often
heterogeneity in the size of the aggregate, length of protein core, numbers present, and
the positioning of KS and CS side chains'. The GAG side chains (KS and CS) of
proteoglycans are composed of repeating disaccharide units and play a role in the

resistance to interstitial fluid flow'®. Within the tissue, CS and KS are negatively charged

12
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and exert repulsive forces on each other. This fixed-charge density is variable, due to the
variation in proteoglycan content and is responsible for the osmotic pressure of

cartilage’, which may ultimately contribute up to 50% of the overall compressive

stiffness of articular cartialge®'.

Figure 1.6. Schematic of the inter-relationship between type Il collagen fibrils (tubular structure
with periodic banding pattern described in Figure 4) and aggregates of the proteoglycan, aggrecan
(Figure 5) bound to long strands of hyluronic acid (black lines). This demonstrates the osmotic
environment created such that water and electrolytes (large arrows) enter cartilage, placing the
collagen fibrils under tension (small arrows). Adapted from Hardingham T, 1999.

13
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Even though the proteoglycans and collagens appear to have their own particular
functions, they really function together. The viscoelastic property of cartilage is mainly
attributable to the proteoglycans trapped in an aggregated meshwork between the
collagen fibers, offering great resistance to fluid flow and redistribution of water'’. The
fixed negative charge creates an osmotic environment that allows water and electrolytes
to fill the space between the collagen and proteoglycans, placing collagen fibrils under
tension (Figure 1.6)”2. When a load is placed across a joint, fluid is expelled at the
leading edge of cartilage contact, but flows into cartilage at the trailing edge, in response
to an increase in the swelling pressure until it is resisted by the tension developed in the
collagen network™. Further joint loading will increase the congruity of the opposing
surfaces of cartilage, increasing the volume utilized and ultimately increasing joint
stability. As pressure is released, the GAGs move apart by charge repulsion and fluid
flows back into the cartilage.

1.4.2.4 Synovium. In the canine stifle, the synovium covers all intra-
articular surfaces of the joint except for the articular cartilage and articulating surfaces of
the menisci. The superficial layer of the synovium, or the intimal layer, is only 1-3 cells
thick, and lacks a basement membrane or tight junctions®. The cells that compose this
layer are called synoviocytes, and they have phagocytic and immunologic functions (via
macrophages)zs. In addition, these cells synthesize the glycosaminoglycan, hyaluronan
(HA), at the plasma membrane®. Deep to this intimal layer is the subintima which is the
supporting layer of the synovium. This layer contains the primary connective tissue

including collagen types I and III, proteoglycans, GAGs, fibroblasts, and mast cells, as
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well as the lymphatics and neurovascular supply. The intimal layer is just a fine barrier
between the intravascular and interstitial fluid of the subintima and synovial fluid®.

The primary function of the synovium is to help determine the composition of the
synovial fluid, by providing a selective barrier for ultrafiltration of the plasma. The
proximity of the capillary plexus of the subintimal layer to the intimal surface facilitates
exchange of water and solutes that is regulated by Starling forces in which there are
pressure differences between the plasma and synovial fluid®®. In general, for small
molecules (<10kDa), simple diffusion allows the plasma and synovial fluid to
equilibrate®. The production of HA by the synoviocytes also affects diffusion into the
synovial fluid since HA on the synovial membrane surface will obstruct solute passage
through steric hindrance®’. The synovial membrane does not serve any known
biomechanical function, but is capable of responding to mechanical stress by becoming
fibrotic through the increased production of collagen in the subintimal layer, which can
then alter the normal diffusion patterns and/or synoviocyte metabolism?*®2.

1.4.2.5 Synovial fluid. The synovial fluid is a viscous, transparent fluid
that is an ultrafiltrate of plasma, containing most of the molecules present in plasma'’.
However, the relative concentrations of these molecules in the synovial fluid are usually
quite different from that in the blood. The cellularity of the synovial fluid is relatively
low and consists mostly of mononuclear cells as well as some polymorphonuciear
leukocytes®. The synovial fluid contains a greater amount of HA compared to the
plasma because of its production by the synoviocytes. HA is primarily responsible for

giving the synovial fluid its viscosity’'. Clearance of macromolecules and synovial fluid _

from the synovial cavity occurs through the lymphatics and veins in the subintimal layer
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of the synovial membrane allowing for maintenance of the volume and composition of
the synovial fluid. It is a complex process that appears to be affected by joint size’?,
position of the joint with regard to flexion or extension™, tension in the periarticular
tissue’’, compliance of the joint capsule™, the macromolecular content of the fluid™,
movement®”, and inflammation®®. The normal synovial fluid volume in a canine stifle
joint is relatively low at 0.2 to 0.7 ml*. Since articular cartilage is avascular and the
intra-articular ligaments and menisci have limited blood supply, the primary functions of
synovial fluid are to provide nutrition and lubrication to the articular cartilage and intra-

37 In addition, synovial fluid helps transport and clear the by-

articular ligaments
products of metabolism from the intra-articular tissues.

1.4.2.6 Subchondral bone. Underneath the articular cartilage are the
subarticular tissues. This includes the calcified cartilage and the subchondral bone. The
calcified cartilage is the transition zone between the articular cartilage and subchondral
bone (Figure 1.3). The junction of cartilage to bone is undulating and can therefore
convert potential sheer stresses of weight-bearing into compressive and tensile forces™.
The subchondral bone can be further divided into the subchondral p late closest to the
calcified cartilage and the trabecular bone which is furthest from the calcified cartilage.
Similar to cartilage, bone is composed of an extracellular matrix that is organized around
a highly structured collagen lattice®'. Osteoblasts are the primary bone-forming cells of
the extracellular matrix, and are located directly on the surface. These osteoblasts secrete
osteoid which eventually become mineralized by hydroxyapatite. Hydroxyapatite makes

up 65% of the entire extracellular matrix of bone and helps provide its stiffness*>. The

remainder of the bone is composed primarily of collagen (95%), with proteoglycans and
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some other noncollagenous proteins forming the remainder. Type I collagen accounts for
90% of the collagen within the bone and provides the primary load bearing properties,
tensile strength, and torsional resistance of bone*'. Once the osteoblast is surrounded by
the mineralized matrix, it is called an osteocyte, and sits in a lacuna. Projections extend
from the lacuna, called canaliculi, allowing cell-to cell contact between osteoblasts and
osteocytes. In addition, osteoclasts are also present on the surface of bone and are
responsible for invoking bone resorption. There is a close relationship b etween these
cells with regards to formation and resorption of bone®'.

Normally, subchondral bone is responsible for maintaining the joint surface and
absorbing stress placed on the joint*. In a normal joint, subchondral bone will actually
maintain an uneven joint surface. In other words, the outer surfaces remain in contact
while the center portion of the bone is not in contact. The purpose of this is to allow for
the center of the joint to move axially during loading, thereby transmitting the load to the
cortices, taking stress off of the articular cartilage. Therefore, subchondral bone provides
the majority of the cushioning for the joint”. However, one must not think of
subchondral bone as a static structure. It is rather dynamic in nature so that it can adjust
to different amounts and types of stresses placed on a joint. In other words, the
subchondral bone must allow for strength as well as cushioning. If the balance between
cartilage and bone is not correct for the stresses placed on the joint, the bone can model
or remodel to adjust for the difference. Modeling tends to refer to the formation of new
functional bone, whereas remodeling is the replacement of old bone for more functional

41
bone™.
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1.4.3 Normal homeostasis of articular cartilage.

In order to be able to understand what happens to the joint cartilage after CrCL
transection/rupture, we must first consider how the articular cartilage replenishes itself
under normal circumstances. In general, the structure of articular components is
maintained in a functional homeostasis, or steady state, so that it can continue to transmit
loads across the joint without any major damage occurring to any of its components.
This balance is achieved by carefully regulated synthesis and degradation of the
extracellular matrix. Bone is always in a constant flux in order to respond to changing
loads, as well as to provide the body with necessary electrolytes (calcium). C artilage
turnover is slower, with aggrecan turning over more rapidly than type II collagen*’. This
normal turnover is initiated by a complex array of degradative enzymes and inflammatory
mediators (Figure 1.7).

‘Collagen synthesis (type I and II) begins with transcription and translation of
mRNA to form a procollagen o chain. Starting at the C-terminus, three procollagen o
chains wind into a triple helix by forming disulphide bonds. Non-helical propeptides
remain at each end of the helix as the procollagen molecules are secreted into the
extracellular space. Here, the non-helical domains are enzymatically removed to form
tropocollagen molecules. The tropocollagen molecules then orientate into the quarter-
staggered array to form fibrils (Figure 1.4). Covalent cross-links form between the
tropocollagen molecules to give the fibrils strength. Finally, the fibrils aggregate with

other collagen molecules and proteoglycans in the process of fibrillogenesis'®.
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Figure 1.7. Schematic of the complex balance between degradative enzymes and inflammatory
mediators that participate in homeostasis of collagen and proteoglycan synthesis and degradation, and
can become unbalanced during OA. Complete lines and arrows represent stimulation, whereas the
dashed lines and arrows represent inhibition. Arrows that point to another line demonstrate that the
activity occurs within that pathway. @) represents an action that occurs when the prostaglandin levels
are low. @ represents an action that occurs when the prostaglandin levels are high. IFN y =
interferon gamma, [GF = insulin-like growth factor, TGF 3 = transforming growth factor beta, IL =
interleukin, TNF o = tumor necrosis factor alpha, COX-2 = cyclo-oxygenase-2, PTH = parathyroid
hormone, LIF = leukemia inhibitory factor, FGF = fibroblastic growth factor, PDGF = platelet
derived growth factor, EGF = epidermal growth factor, MMP = matrix metalloproteinase, TIMP =
tissue inhibitor of metalloproteinase, PG = proteoglycan.

Similarly, to form proteoglycan aggregates, synthesis of aggrecan, link protein,
and HA are all required. Aggrecan is synthesized as a protein core after which the KS
and CS side chains are added. The sulphated core is then secreted into the pericellular
matrix. Link protein is synthesized independently but usually at the same rate as
aggrecan’ ¢, while HA synthesis occurs separately at the plasma membrane. The Gl

domain of aggrecan is not functional immediately after secretion and cannot bind HA*.

This allows aggrecan to move from the cell and pericellular space into the interterritorial
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zone (Figure 1.3)22. It then binds to HA via link protein at the HABR. Deep zone
chondrocytes exhibit a faster rate of PG synthesis and a slower rate of PG turnover than
superficial zone chondrocytes. Therefore, the net matrix accumulation 1s more
pronounced around the deep zone than around the superficial zone chondrocytesls.

Turnover of articular cartilage is primarily regulated by the combination of
inflammatory mediators and degradative enzymes and their inhibitors. Most of the
proteases are produced due to extrinsic stimuli that influence the synoviocytes and
chondrocytes. Such external influences include cytokines®™, matrix components*,
mechanical forces™, and hydrostatic pressure changes®'. The primary family of enzymes
responsible for turnover of articular cartilage is the matrix metalloproteinases (MMPs).
MMPs are a family of greater than 20 zinc-containing, calcium-dependent
endopeptidases that are produced by many different cells (Table 1.1)>>.  They are
synthesized with a propeptide attached that blocks the active zinc-containing center>.
Most MMPs are activated extracellularly by proteolytic cleavage of the propeptide,
allowing the zinc atom to hydrolyze susceptible bonds in the protein substrate™. Once
activated, these enzymes have the potential to destroy all of the matrix components of
articular cartilage. There are many different types of MMPs that play a role in cartilage
degradation, and their expression are both tissue specific and highly regulated®>. MMPs
are classified according to the substrate digested with tissue distribution and substrate
specificity often differing between members of the same group (Table 1.1)*%.

Primary MMPs in OA include collagenase -1, -2, and -3 (MMP -1, -8, and -13),
stromelysin -1 and -2 (MMP -3 and -10), gelatinases A and B (MMP -2 and -9) and

membrane-type metalloproteinase 1 (MT-MMP-1 or MMP-14)*. The collagenases
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Table 1.1. Table of known matrix metalloproteinases (MMPs) classified as collagenases, stromelysins,
gelatinases, membrane-type metalloproteinases, and others. The alternative names, substrate digested,
and the tissue inhibitor of metalloproteinase (TIMPs) that can inhibit each MMP are listed. Adapted
from Elliott, 2001, Cawston, 1996, and Mengshol, et al., 2002.

MMP Alternative Names Substrates TIMPs

Collagenases

MMP-1 Interstitial collagenase, Collagens I, I1, III, VII, VIII, X; aggrecan; gelatin; casein; i,-2,-3,-4
Collagenase-1 link protein; o.1-proteinase inhibitor; a2- macroglobulin;

proTNF; proMMP-2; proMMP-9

MMP-8 Neutrophil collagenase, Collagens L, I1, 111, V, VII, VIIL, X; aggrecan; gelatin; 1,-2,-3
Collagenase-2 fibronectin; a1-proteinase inhibitor; 2-antiplasmin
MMP-13 Collagenase-3 Collagens L, 11, 111, IV, X, X1V; aggrecan; 1,-2,-3

gelatin; tenascin; plasminogen activator inhibitor -2;

fibronectin; proMMP-2; proMMP-9

MMP-18 | Xenopus collagenase Unknown 1,-2,-3
Stromelysins
MMP-3 Stromelysin-1 Aggrecan; collagens IIL 1V, IX, X, XI; gelatin; 1,-2,-3,-4

casein; fibronectin; laminin; elastin; link protein;

versican, type I collagen telopeptides; al-proteinase

inhibitor; proTNF; proMMP-1; proMMP-7; proMMP-8;

proMMP-9; proMMP-13

MMP-10 Stromelysin-2 Collagens II, IV, V; gelatin; casein; aggrecan; 1,-2,-3
link protein; fibronectin; elastin; laminin; proMMP-1;

proMMP-8; proMMP-9

MMP-11 Stromelysin-3 Fibronectin; casein; laminin; proteoglycan; gelatin; o1- 1,-2,-3
proteinase inhibitor

MMP-7 Matrilysin (PUMP-1) Gelatin; casein; collagens IV, X; elastin; aggrecan; link 1,-2,-3,-4
protein; fibronectin; vitronectin; laminin; al-proteinase

inhibitor; proTNF; proMMP-1; proMMP-2; proMMP-3;

proMMP-9
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Table 1.1. Continued.

MMP Alternative Names Substrates TIMPs
Gelatinases
MMP-2 Gelatinase A Gelatin; collagens I, 1V, V, VII, X, X1, XIV; aggrecan; link  1,-2,-3,-4

protein; fibronectin; elastin; versican; laminin; proTNF;

ol-proteinase inhibitor; proMMP-9; proMMP-13

MMP-9 Gelatinase B Gelatin; collagens III, IV, V, VII, X, XIV; aggrecan; link 1,-2,-3,-4
protein; versican; elastin; fibronectin; o.1-proteinase

inhibitor; proTNF

Membrane-type metalloproteinases

MMP-14 MT1-MMP Collagens I, II, III, gelatin; casein; aggrecan; fibronectin; 1,-2,-3

vitronectin; laminin; elastin; proTNF; proMMP-2;

proMMP-13

MMP-15 MT2-MMP Gelatin; fibronectin; proMMP-2; tenascin; laminin 1,-2,-3
MMP-16 | MT3-MMP proMMP-2; collagens I, 1L, III 1,-2,-3
MMP-17 MT4-MMP TNFa (convertase) 1,-2,-3
MMP-24 | MT5-MMP proMMP-2 [,-2,-3
MMP-25 | MT6-MMP Gelatin 1,-2,-3
Others

MMP-12 | Macrophage elastase, Elastin; collagen IV; gelatin; fibronectin; laminin; 1,-2,-3

Metalloelastase vitronectin

MMP-19 Aggrecan 1,-2,-3
MMP-20 | Enamelysin Amelogenin 1,-2,-3
MMP-21 | XMMP Unknown 1,-2,-3
MMP-22 CMMP Gelatin; casein 1,-2,-3
MMP-23 Unknown 1,-2,-3
MMP-26 Endonetase Gelatin 1,-2,-3

(MMP -1, -8, and -13)57'60 as well as the membrane bound MMP-14%! have been shown

to cleave the fibrillar collagen triple helix at a specific site (Glyr7s-Leu/Iles7g)

22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



approximately three fourths of the distance from the amino- terminal end of each a chain,
resulting in the generation of a new three-quarter length fragment (TC*) and one-quarter

57596162 The most potent of these collagenases for type II

length fragment (TCP)
collagen is MMP -13%. In addition, these collagenases can cleave aggrecan in multiple
locations so that aggrecan is freed from its attachment with HA allowing it to diffuse out
of the matrix. The major cleavage site is in the interglobular domain at Asn341 and
Phe374 (Figure 1.5)%. Another important group of MMPs are the stromelysins (MMP-3,
and -10) because they can degrade aggrecan, participate in collagen denaturation, and
activate other MMPs®**®’. The gelatinases (MMP -2 and -9) are primarily responsible for
the denaturation (unwinding) of the triple helix of fibrillar collagens following
collagenase cleavage, as well as some cleavage of aggrecan®™. During homeostasis, these

MMPs are carefully controlled by endogenous inhibitors, such as a2-macroglobulin, or a

family of four tissue inhibitors of metalloproteinases (TIMPs) (Table 1.1)>. They are
released from the synoviocytes and chondrocytes and form an irreversible, non-covalent
1:1 complex to prevent activation of proenzymes as well as blocking the action of
previously activated MMPs**"°,

Another important group of enzymes in matrix degradation are the aggrecanases.
They are a sub-family of the ADAM (a disintegrin and metalloproteinase) family in that
they lack a transmembrane domain and possess thrombospondin-like sequences. These
aggrecanase enzymes are therefore classified as ADAM-TS 4 and 5%2. Aggrecanases
cleave aggrecan in multiple locations but the major cleavage site is at Glu373 and Ala374

in the interglobular domain (Figure 1.5)"". The actions of MMPs and aggrecanases

appear to be by completely different processes with similar net effects. In addition, other
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proteinases involved in matrix degradation include aspartic and cysteine proteinases.
These are intracellular proteinases that are also released from synoviocytes and
chondrocytes and degrade collagen and proteoglycans®®. Serine proteinases, such as
plasmin and plasminogen activators (tissue and urokinase) also play a major role in
activation of the MMPs™. A general inhibitor of all of these proteinases (serine and
MMPs) is o2-macro globulin72 .

Cytokines are peptide regulatory factors that bind to cell surface receptors and
stimulate the cell to undergo a cascade of intracellular events, often influencing cellular

replication73 . Cytokines include interleukins, interferons, growth factors, and other

| Probably the most important pro-inflammatory cytokines with respect to

mediators*
articular cartilage turnover are interleukins 1 a and B (IL-1 o and ) and tumor necrosis
factor o (TNF o). The major cellular source of interleukin-1 is the
macrophage/monocyte sy stem’*, as well as fibroblasts, ¢c hondrocytes’, and o steocytes.
The action of IL-1 on cells is mediated by two types of receptors (IL-1R)’®, that bind the
o and B forms with different affinities’. Once IL-1 binds to these receptors, it stimulates
the chondrocytes to produce more IL-177. A natural inhibitor, called the interleukin
receptor antagonist protein (IRAP), prevents IL-1 from binding to the receptor’®. IL-1
causes degradation of the cartilage matrix by stimulating collagenase, stromelysin, and
prostaglandins (Figure 1.7)"*"7. Tt also increases the release of aggrecan via aggrecanase
stimulation’’, as well as directly decreasing aggrecan and type II collagen synthesis®*®.
Tumor necrosis factor is produced by the same cellular sources as IL-1. There are also

two cell-surface receptors (TNF-R) for TNF a®2. The number of these receptors on the

cells is variable and depends on stimuli received by the cell. The presence of TNF «
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bound to the receptor will actually induce receptor degradation and the cell will become
refractory to further stimulation’®. This proteolytic cleavage of the receptors produces
TNF-R-derived proteins, which act as natural TNF inhibitors®®. Just like IL-1, TNF o
stimulates cartilage degradation via increasing collagenase, stromelysin, and
prostaglandin synthesis (Figure 1.7).

As opposed to IL-1 and TNF a, there are also naturally occurring anti-
inflammatory cytokines that actually have a protective role in cartilage (Figure 1.7). IL-
10 inhibits synthesis of IL-1 and TNFa*. IL-6 is released by many cells, including
chondrocytes®®, mostly in response to IL-1, and TNF «, and it can actually up-regulate
IL-1 and TNFo production®. IL-6 does not induce MMP production, and in fact,
increases expression of TIMPs®"%8. Similarly, IL-4 and IL-11 enhance TIMP-1
production®. The production of another member of the IL-6 family, leukemia inhibitory
factor (LIF) is stimulated by IL-1, TNFa, and IL-6%. It also enhances TIMP-1
production, but decreases proteoglycan synthesis while increasing proteoglycan
degradation®*.

Various growth factors play a role in homeostasis, including insulin-like growth
factor (IGF), transforming growth factor (TGF), fibroblast growth factor (FGF), platelet
derived growth factor (PDGF), and epidermal growth factor (EGF) (Figure 1.7). IGF has
two functionally distinct types (I and I)®, that stimulate chondrocytes to produce type 1I
collagen and proteoglycans’. TGF has three isoforms (B1, p2, p3). They inhibit the IL-
1 effects on chondrocytes due to prostaglandins. They stimulate ECM production by
chondrocytes by increasing proteoglycan synthesis and decreasing proteoglycan

degradation, as well as increasing synthesis and secretion of TIMP?'. FGF enhances IL-1
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mediated prostaglandin and proteinase release’”. PDGF is capable of stimulating MMP-
13 as well as PTH”, and EGF similarly stimulates collagenase synthesis and induces
cyclo-oxygenase-2 (COX-2) expression”.

During the process of homeostasis of articular cartilage, as well as bone, all of the
above pathways are used to varying degrees to maintain a functional tissue that can
withstand the normal loads applied. Each act as a check and balance on the other. For
example, IL-1 and TNF o will stimulate MMP production and therefore, cartilage
breakdown. However, the amount of degradation is held in check by IL-6, IL-4, and the
TIMPs. Based on this oversimplified example, it 1s easy to see that if one or more of the
cytokines or proteases starts to become over produced, or if there is a lack of TIMP
synthesis, then the scales will no longer be balanced, allowing degradation to
predominate over synthesis. This is what occurs during the process of osteoarthritis.

1.4.4 CrCL transection as a model for osteoarthritis. |

Canine CrCL transection models of OA have been developed because of the
difficulties in obtaining human cartilage and the need to study the early and sequential
events of OA”. Use of the CrCL transection model in the dog has demonstrated that the
OA changes that develop are mostly due to altered joint mechanics and not due to the
inflammation associated with the surgery itself. This has been demonstrated by
immobilizing the o perated 1imbs o f d ogs i mmediately a fter transection and i dentifying
cartilage atrophy without any evidence of OA changes%. In addition, control of
hemostasis during CrCL transection did not lessen the OA changes compared to those
without any hemostasis, indicating that the mechanical changes are of greater importance

that the synovial inflammation’’. Overall, it has been a viable model of human OA, by
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showing typical progressive OA changes®®, including full thickness cartilage ulceration’,

and subchondral plate sclerosis™.

One of the earliest reports was by Marshall'®, and then Pond and Nuki

popularized the stab technique'®.  The three main approaches used for surgical

101-117
abOll

transection of the cruciate ligament have included the percutaneous st , arthrotomy

1,96-100,104,118-128

(medial or lateral) , and arthroscopic techniques'*'*%. No differences have

been noted between these procedures with regards to the pathological, ultrastructural and

104
d 04,130,131,133

biochemical OA changes produce . The arthroscopic technique has been the

least used of the procedures, and in those studies where it has been applied, it is poorly
described. Therefore, a consistent arthroscopic technique for CrCL transection was
developed in this study and will be described.

Most of the studies utilizing this model of OA have used a heterogeneous

: . 96,104,107,108,110-114,118,121 1,98,99,105,123-127,129,13
population of dogs, (mixed breed 7,108 8121 mongrels’ %1% 3 ° or

. . 100,102,107,117,119,120,134
a mixture of different breeds

) whereas fewer studies have used one
specific breed (Beagles'™'%1%132  American Foxhounds'?*'?®) and Greyhounds''®). The
dogs have generally been adults, ranging in age from the time of epiphyseal closure (~1.5
years) up to 8 years of age, and their weight has ranged from 6.8 to 40 kg, with most
being between 12 and 30 kg Most dogs have been kept in

6,99,100,104,105,108,110,113,116-121,123,132 1,98,102,122,124-127,129,130
cages/pens9 99:100,104,10 , or runs ~>1° whereas only a

few studies have utilized more controlled exercise regimens'¢!%7 11 HHZ 4L,
Historically, the canine CrCL transection model has been used to determine the
earliest osteoarthritic changes that occur to the intra-articular components, especially

. . . ) 1 ..
articular cartilage, after CrCL transection’>10%106:107; 20, as well as characterizing the
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: 1,98,99,103,105,120,128
sequence of events that occur up to 54 months after transection . Most of

these studies have looked at many different time points to identify the early changes that

occur after CrCL transection, averaging less than 5 dogs (often 1-2 dogs) per

11 ,98,99,102,103,105-107,118-120,125-130,134

interva Many have described histological changes in

articular cartilage that occur prior to macroscopic evidence of cartilage fibrillation,

including increased surface proteoglycan loss”®10010LI07 'y vpercellularity of chondrocytes

in the middle and deep zones'”"''™'?'  and hypertrophy of the articular

102,118,121,135,136

cartilage that varies in degree depending upon the area of the joint

examined'?®. This hypertrophy of articular cartilage has been shown to persist for 3 years

98,99,137,138

after CrCL transection , and may be due to hyperhydration and an increase in the

concentration of proteoglycans due to increased synthesis that occurs within days after

102,137

CrCL transection . These processes likely results in increased interfibrillar spacing

196 " These results suggest that repair of articular cartilage attempts to

of collagen fibrils
keep pace with articular cartilage breakdown, but that this repair tissue can’t hold up to
mechanical stresses as well as the original cartilage and e ventually d egradation o f the
matrix occurs to a level that is equivalent to end-stage OA in humans'*’.

The rate of progression, location, and severity of lesions, however, has varied
tremendously when using this model of OA. It has been hypothesized that the differences
in the lesions generated were most likely due to the differences in the breed, age, weight,
surgical technique used to sever the CrCL, and the amount of exercise the dog required
post-transection'®’. For example, Marshall described non-progressive lesions when dogs
were followed out to 2 years''®, whereas, Vignon, et al. noted progressive cartilage

120

fibrillation out to 8 months In addition, there has been no consensus as to where
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articular cartilage is most damaged, with some reporting thatitis more severe onthe

98104 with large differences in the amount, timing, and

tibia'®” and others on the femur
degree of meniscal damage'®>''®!"®. Therefore, although the use of this model has been
advantageous in identifying the early and sequential changes after CrCL transection, it
appears to have a large degree of variability. To make matters worse, as previously
noted, many of these studies used a small number of dogs per interval studied (usually 1-
2 dogs)'1MHBRA making extrapolations to humans with OA more difficult. By
using a larger group of dogs, this study will attempt to analyze this variability.

1.4.4.1 CrCL associated meniscal injuries. Once the CrCL is naturally
and c ompletely ruptured or e xperimentally transected, unrestrained cranial tibial thrust
occurs that creates craniotibial translation with respect to the femur (cranial draw)'**. In
addition, an increased amount of internal rotation of the tibia with respect to the femur
results when the limb is in flexion, but not in extension®. The combination of increased
internal rotation and cranial tibial translation make it likely that meniscal damage will

result'®

. Isolated meniscal lesions without concurrent cruciate ligament injury do occur
in dogs, but are rare, and can be from sudden compressive forces acting directly on the
meniscus such as would occur from a jump with the stifle extended®.

Since the lateral meniscus is more mobile, making it less likely to get caught
between the femur and tibia, it rarely gets injured unless multiple ligaments are
damaged'**. The incidence of medial meniscal injury, post-CrCL rupture in the naturally

14,143,145-155

occurring disease process, is reported to be from 48 to 80% The types of

14,149

meniscal injury have been well described in d ogs , and usually involve the c audal

horn of the medial meniscus, which is similar to the human condition, where the posterior
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d"*. The location of

region of the meniscus is subjected to the highest compressive loa
the tear, combined with the cranial tibial thrust allows the torn portion of the meniscus to
slide between the femur and the tibia. This abnormal impingement of the meniscal tissue
will presumably cause the dog to have an acute exacerbation of its Jlameness' 117,
Meniscal injury has been réported to be present as early as 2 weeks after CrCL
transection'”’, suggesting that the longer the stifle is unstable, the greater the incidence of
meniscal injuries. However, no correlation between the incidence of meniscal injury and

d'*. In addition, no real explanation

the duration of CrCL deficiency has been identifie
exists as to why all dogs don’t sustain meniscal damage following CrCL rupture or
transection. Therefore, the temporal pattern and variability of the meniscal damage that
occurs after CrCL rupture is poorly defined. We will attempt to describe the temporal
pattern and variability of meniscal damage in our study using serial arthroscopic
examinations after CrCL transection.

1.4.4.2 Etiopathogenesis of OA after CrCL rupture. The
etiopathogenesis of osteoarthritis in the dog is a complex, dynamic process that involves
the interaction of the subchondral bone, synovium, synovial fluid, and articular cartilage,
and is therefore referred to as an organ system failure'”®. This means that there is no one
decisive initiating pathway, and regardless of the cause, the end-product that is
recognized as OA is indistinguishable'”®. Historically, this end-product has been
characterized by focal erosion and ulceration of articular cartilage, sclerosis of

subchondral bone, marginal osteophytes, enthesiophytes, as well as variable

inflammation and hyperplasia of the synovial membfane'.
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Regardless of the cause, often the main early response of the joint is due to an
inflammatory reaction to the joint insult. This results in extensive synovial infiltration
with mononuclear cells and lymphoid aggregates resulting in hyperplasia of the synovial

b9 During this inflammatory process, vascular

lining and eventual capsular fibrosis
leakage causes a greater amount of diffusion of water and solutes into the synovial fluid
than the clearance of synovial fluid through the lymphatic system. The net result of this
is synovial membrane edema, effusion and leakage of protein into the synovial fluid’ L
Effusion of the joint has many important effects such as creating a local ischemia in the
synovial membrane as well as ischemic-like conditions in the articular cartilage since the

synovial fluid is the primary supplier of nutrients and oxygen to the articular cartilage, as
well as the key depository of its waste products for subsequent removal from the joint'®.
During this inflammatory process, IL-1 and TNF a have been presumed to be the
prime candidates for mediating the catabolic processes occurring in the articular cartilage.
Even though the absolute concentrations of the ¢ ytokines may be high in the synovial
fluid, this does not necessarily represent the activity level of these molecules, due to the
consistent presence of their natural inhibitors, including soluble cell surface receptors.

The cytokines ultimately cause increased production and release of MMPs from invading

161 162

inflammatory cells'®', synovial fibroblasts'®*, and chondrocytes'®. These proteinases
are initially released as latent proenzymes, but are often rapidly activated by other MMPs
or proteinases. The levels of the endogenous inhibitors of MMPs, TIMPs, are often
increased as well, most likely d ue to anti-inflammatory c ytokines such as IL-6 and -4

(Figure 1.7). However, there usually exists a molar excess of MMPs compared to TIMPs

in inflammation'®*. Presumably, during this period, growth factors, such as TGF-p and
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IGF attempt to stimulate the chondrocytes for increased synthesis of the matrix

1'.  This anabolic response attempts to keep pace with the

components as wel
degradative p rocesses, but o ften the net stimulatory effectisnot enoughtobeableto
counteract the degradation that ensues.

The earliest identified changes that occur in articular cartilage are due to this
biochemical cascade of events. There is an initial increase in hydration'®’, along with an
increase in total proteoglycan content'*®. The net result of this is an increase in cartilage
thickness (hypertrophy)'*°. Chondrocyte activity is also markedly upregulated for type I

A''71% However, this upregulation of

collagen synthesis in the early phases of O
proteoglycan and type II collagen synthesis is not uniform throughout the entire matrix.
The superficial layer of cartilage is the first area depleted of proteoglycans and collagen,
suggesting that the increase in synthesis may be insufficient for protection of the

H7I67168 1 addition, the newly synthesized proteoglycans may actually

superficial layer
be altered, in that the size of the aggrecan molecules is smaller than normal and the ratio
of CS to KS increases'”’. As the disease progresses, there is a large amount of
heterogeneity in the degree and extent of damage despite no apparent differences in the
ultimate histologic, biochemical and metabolic changes to articular cartilage'. Often, the
disease process progresses to full-thickness cartilage erosions.

The response of bone is usually what is used to ultimately identify the presence of
OA, by radiographically identifying the presence of osteophytes or narrowed joint space.
Osteophytes usually form at the marginal surface of the joints when gross instability is

present. However, the factors that determine the extent to which the osteophytes develop

is not clear, and may include cytokines and growth factors, such as TGF—B169, and IGF'"°.
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These systemic factors may play a role in osteophyte formation for joints in which there
has been no evidence of instability. Enthesiophytes will also form at the sites of
attachment of tendons and ligaments in response to gross instability due to increased
stresses placed on the intact tendons and ligaments to maintain stability’>'”!. Over time,
subchondral bone sclerosis will become radiographically evident in osteoarthritis as
well'”'. W hether this is the cause o f c artilage d egradation oris areaction to cartilage
degradation is debatable. It has been suggested that the switch from compensated repair
of articular cartilage to progressive loss may be associated with the stiffening and
thickening of the subchondral bone plate1’99. However, quite often, changes in the bone
are not radiographically evident at the time of the first visible cartilage lesions.
Regardless, when there is a difference in stiffness of the subchondral bone plate, shear
stress is placed on the overlying articular cartilage, potentiating degradation'’.
1.4.5 Diagnosis of OA after CrCL rupture.

1.4.5.1 Clinical analysis. Physical examination for CrCL injury includes
the combination of careful palpation along with identification of lameness at a walk
and/or trot. Palpation is generally performed on both hind limbs simultaneously to
identify muscle atrophy, pain, joint swelling, or other asymmetries. In general the CrCL
deficient dog will have atrophy of the quadriceps muscles and a medial buttress in the

region of the medial collateral ligament’' "

. This medial buttress is a firm swelling in
this region that can develop within hours of CrCL rupture, and some feel that the
presence of this medial buttress is almost pathognomonic for CrCL rupture' .

Manipulation o fthe Iimb to identify an increase in the range o f motion can also help

diagnose CrCL rupture, since the limb becomes more unstable. However, over time, the

33

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



range of motion may actually decrease as a result of the secondary OA changes that have
developed’.

Specific diagnostic tests can also be performed that generally require further
manipulation of the limb to test for joint laxity. The cranial drawer test has been the
hallmark diagnostic exam used for determining cruciate ligament instability. The goal of
the examination is to see if the tibia can be moved cranially or caudally with respect to
the femur. Any degree of positive drawer movement (cranial or caudal) indicates likely
injury to the cruciate ligament. A positive cranial drawer sign is diagnostic for CrCL
rupture, but the absence of cranial drawer does not rule out CrCL rupture because the dog
may stabilize the joint by contracting the surrounding musculature’. In addition, a tibial
compression test can be used to diagnose CrCL rupture by identifying the presence of
tibial thrust. In this test, one finger is placed over the patellar tendon to the tibia crest.
The hock is then flexed until tension of the common calcanean tendon is achieved. If the
CrCL 1s ruptured, the tensed gastrocnemius muscle pushes the tibia forward in relation to
the femur”'”>. The tibial compression test is easier to perform in large dogs, but can also
result in false negatives when there is a great amount of periarticular fibrosis present’. In
addition, arthrocentesis can be used as a diagnostic technique. It can be used to collect
synovial fluid for further analysis, or as a means for injection of a local anesthetic for
elimination of lameness. Synovial fluid analysis can help distinguish between acute and
chronic inflammation, as well as ruling out septic or immune-mediated processes'.

1.4.5.2 Arthroscopy. Arthroscopy has been shown to be a valuable and
reliable tool for identifying CrCL rupture as well as grading osteoarthritic changes in the

174-179

dog . It is considered a minimally invasive technique that causes much less trauma
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and inflammation of the joint when compared to an arthrotomy and allows early detection

177,179

of intra-articular pathology In addition, arthroscopy has been shown to be an

accurate method of diagnosing stifle injury with a reported 83-99% correlation with

174-176

arthrotomy . As compared to gross necropsy and arthrotomy findings, arthroscopy

provides more detailed information about the morphological changes that occur within

4171180 - por example, arthroscopy is more sensitive than arthrotomy when

the joint
examining cartilage fibrillation, because of the magnification and fluid flow through the
joint'™. Therefore, arthroscopy has the potential to be able to diagnose early irreversible
articular c artilage damage that cannot be identified during arthrotomy, providing more
accurate assessment of the stage of OA present within a CrCL deficient joint.
Arthroscopy has usually been used to examine the CrCL deficient stifle at one
given time point after transection to compare the arthroscopic findings to the arthrotomy
and gross findings'’*. Only one study in dogs has used serial arthroscopic examinations

7, and the

of CrCL deficient joints to determine the long term intra-articular changes'
1dentification of the temporal patterns of intra-articular changes that occurred after CrCL
transection were poorly defined. Therefore, we will attempt to determine the temporal
pattern and severity of changes that occur in the acute period after CrCL transection by
serially examining 3 dogs after CrCL transection. Description of these changes should be
beneficial to the clinician with regards to understanding the progression o f events that
occur in the unstabilized joint. In addition, it has the potential to help explain changes
that could be identified by biomarker and force plate analyses.

1.4.5.3 Imaging. Ancillary diagnostic techniques that can be used to

identify the cause of hind limb lameness include survey radiographs, stress radiography
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of an affected joint, nuclear scintigraphy, magnetic resonance imaging and computerized

173 In general, lateral and cranial-caudal radiographs of the stifle aid in the

tomography
diagnosis of CrCL rupture by ruling out many bone and soft tissue abnormalities’.
Radiography is not essential in diagnosis of CrCL rupture, and in fact, Roush reports that
radiographs are neither necessary nor useful in diagnosing CrCL rupture'®. However,
radiographs are most useful in documenting the degree of secondary OA that has
developed, providing a baseline for the amount of OA changes present. This allows for
comparative follow-up radiographs to determine the progression of the OA process.
Radiographic assessment of OA in humans is usually performed by determining the
degree of articular cartilage damage (joint space narrowing) and osteophyte formation.
However, for joint space measurements to be accurate, the patient should be weight
bearing, w hich is impractical in the dog'”'. In addition, it should be noted, that e ven
though articular cartilage damage and the presence of osteophytes are induced by the
same factor (instability in the CrCL transection model), they develop independently'**'#!-
'83 " In general, the radiographic findings after CrCL rupture in the dog vary based on the
chronicity. In the acute stage, the radiographic signs are indicative of synovial effusion
and a decrease in the dimension of the fat pad that will further diminish over time, while

the number and size of osteophytes increase over time'’*

. Periarticular osteophytes are
generally first identified on the medial and lateral femoral trochlear ridges and the distal
edge of the patella, and then later occur around the femoral and tibial condyles''’.

Stifle ultrasound as well as magnetic resonance (MR) imaging of the stifle could
3

be useful in diagnosing CrCL rupture, but are limited due to availability and expertise' .

MR has become the diagnostic imaging technique of choice for human knee disorders'®.
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It is a noninvasive technique that allows for imaging of the cruciate ligaments, menisci,
and articular cartilage in any plane. In humans, it has a 95% correlation with
arthroscopic findings with respect to evaluation of the cruciate ligaments'®. MR has
proven useful in a research setting when examining the cartilaginous defects, as well as
the generalized soft tissue changes that occur in the long standing CrCL deficient

Stiﬂ6138’171’186.

In addition, nuclear scintigraphy and computed tomography have both
been used in the experimental CrCL model to determine the degree of changes that occur
in the underlying bone’>'®"'®_ Use of MR imaging, nuclear scintigraphy, and computed
tomography has been mostly limited due to its low availability and high cost compared to
other diagnostic modalities for CrCL rupture. They are not needed to diagnose the
majority of CrCL injuries of dogs, but in complicated cases they all have the potential to
determine the degree of damage present in all tissues of the joint.

1.4.5.4 Force plate analysis. Kinesiology is the study of motion, and it is
divided into two major categories, kinematics and kinetics. Kinematics is the description
of movement with regard to its temporal and geometric characteristics, irrespective of the
forces applied, whereas kinetics is the study of the relationship of movement to the forces

that produce, modify, or stop motion'*>™!

. Force plate analysis 1s the main example of
kinetic analysis of movement performed by recording the ground reaction forces of a
limb or pair of limbs as the subject steps on and across a specialized plate. It has become
one of the most productive objective measurements of limb movement and pain response
in human and veterinary medicine, and is often combined with 2- or 3-dimensional

kinematic analysis. This kinematic analysis is commonly performed by placing targets

on a subject such that when the subject moves in a calibrated space, their movement can
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be tracked and analyzed by a computer. Traditionally, motion has been analyzed
subjectively by trained observers, to identify differences from normal in movement as a
result of injury. When compared to subjective analysis of a dysfunctional gait,
kinesiology removes bias based on human observation, as well as providing improved
accuracy and data collection capabilitym. However, no single method of gait analysis
can evaluate every parameter of locomotion'*’.

In general, force plates record the magnitude, direction, duration, and position of
the applied forces based on acceleration or resistance of the object being placed on the
force plate'. The force plate measures 3 orthogonal ground reaction forces, vertical,
craniocaudal, and mediolateral, that result from limb placement during the gait cycle
(Figure 1.8). These forces only represent the summation of limb function via forces
transmitted through that limb to the ground, and are therefore, not joint-specific'®!. Peak
vertical force and vertical impulse are the best measures of normal and pathologic gait
because they have the greatest magnitude and most directly measure weight-

bearinglgz’193 . Impulses are the measure of force over time (force applied throughout the

stance phase). Craniocaudal forces represent limb forces that affect forward progression

y

Figure 1.8. Photograph of the force plate (left) with the representative forces that can be measured.
The force in the Z direction (peak vertical force) represents the amount of force applied to the plate
when the dog bears weight on the limb, as it crosses the plate (outlined in the center). This force and
respective contact area can be examined and analyzed via software on the computer (right).
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with the stance phase being divided into braking (deceleration) and propulsion
(acceleration). Braking is the impulse needed to decrease the dogs’ momentum in the
early stance phase, and propulsion is the increase in momentum in the late stance phase,
allowing the dog to be able to push off with its foot. The forelimbs have been shown to
be mostly responsible for braking and the hindlimbs for propulsion of the entire dog'**.
Mediolateral forces represent a very small portion of the dog’s body weight (< 6%) and
therefore have the largest variation'*%.

Budsberg, et al. demonstrated that for a controlled study, dogs should have a
homogeneous morphology, since the peak vertical force and impulse are inversely
correlated with physical size, and the duration of stance phase (braking and propulsion
forces) increases with increased physical size'””. Limb speed also affects the ground

19419 such that the peak vertical hind limb force

reaction forces in a predictable manner
increases and the respective impulse decreases with increasing dog velocity'®®. In fact, a
variation of as little as 0.3 m/s in velocity can significantly affect the ground reaction
forces'”®. Force plate analyses cannot test for specific pathologies or measure successive
events during locomotion unless more than one plate is utilized. This means that multiple
passes over the force plate are required to collect a representative data sample. This trial
repetition as well as individual dog variation account for a relatively large percentage of
the total variance in force plate measurements. Jevens, et al. demonstrated that the
percentage o f the total variance accounted for by trial repetition w as 2 9-85% w hereas

197

individual dog variation accounted for 14-69% Part of these difference could be

accounted for by the fact that most force plates have decreased sensitivity at the edges,
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making it necessary to strike the center of the plate for the most accurate results'®’.

Jevens, et al. also noted that the number of experienced handlers used to collect the force
plate data on dogs resulted in only 0-7% of the percentage of total variance'”’. Therefore,
the number of dogs used in a study, as well as the trial repetitions, are more important
then minimizing the number of handlers.

When examining CrCL deficient dogs, the peak vertical force and impulse, as

d'**2°! " Force plate

well as the braking and propulsion impulses are significantly reduce
analyses demonstrate that without surgical treatment, these CrCL deficient dogs show a
severe drop in the ground reaction forces followed by a gradual increase that plateaus by

198-201

about 10 months after CrCL rupture . Budsberg showed that when these dogs are

followed out 3 years after CrCL transection, the ground reaction force remained at this

level, and did not return to normal pre-transection levels™®.

In addition, force plate
analysis has been shown to be sensitive enough to detect the improvement in ground
reaction forces, back to normal pre-injury levels, within 5-6 months of surgical repair for

198199 However, force plate analysis does not have the capability to

CrCL rupture
demonstrate differences in OA development since it has been shown that OA progresses
after CrCL rupture in spite of the surgical technique used'>. In this study, we will use
the force plate analysis as an objective measure of the lameness that occurs after CrCL
transection and that could be related to inflammation or potential meniscal damage.
1.4.5.5 Biomarker analysis. Biomarkers o fj oint tissue m etabolism are
molecules that are derived directly or indirectly from turnover of articular cartilage, bone,

or synovium. Biomarkers can be used to provide information about the synthesis and

degradation of specific molecules in the early phase of clinical
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trials, allowing for the early diagnosis of disease with the potential to determine the
eventual prognosis, and for monitoring or predicting the response of a specific
therapeutic agent’”. In this study we will use biomarkers to monitor the tissue response
to our therapeutic agent as well as attempt to diagnose early pathology. The ideal
biomarker of OA would be one that identifies either synthesis or degradation of a specific
tissue, by easily obtaining fluid in which the biomarker is measurable with its levels
correlating to the pathological changes of OA. However, to date, there is no such

biomarker available, but many candidates exist (Table 1.2).

Table 1.2. Table of biomarkers that can be identified by either enzyme immunoassay (EIA) or
colorimetric assay in the dog, based upon the tissue of interest, as well as the metabolic stage of interest
(Syn = synthesis, Deg = degradation). Companies are listed if commercial kits exist.

Tissue Biomarker Syn or  Type of Name of Company
Deg Assay Assay
Cartilage | C-propeptide of type 11 Syn EIA CPlI IBEX Tech.
procollagen
Chondroitin sulfate (CS) Syn EIA CS-846 IBEX Tech.
epitope 846
Cleaved type II collagen Deg EIA 234CEQ None
(234CEQ)
Sulfated glycosaminoglycans  Deg Colorimetric DMMB None
(sGAG)
Keratan sulfate (KS) epitopes  Deg EIA 5D4 None
Deg EIA 7D4 None
Cartilage oligomeric matrix Deg EIA None None
protein (COMP)
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Table 1.2. Continued Synor  Typeof Name of Company
Tissue Biomarker Deg Assay Assay
Bone Bone-specific alkaline Syn EIA Metra™ BAP  Quidel Corp.
phosphatase (BAP)
Osteocalcin (OC) Syn EIA BTI Intact Biomedical
Human Technologies
Osteocalcin Inc. (BTT)
Cleaved type I and II collagen Deg EIA None None
{COL2-3/4Cgom)
C-telopeptide of type 1 Deg EIA Serum Nordic
collagen (CTx) CrossLaps Bioscience
A/S
Deoxypyridinoline crosslinks  Deg EIA Metra™ DPD  Quidel Corp.
(DPD) (urine)
Deg EIA Metra™ Total  Quidel Corp.
DPD
(serum/urine)
Pyridinium crosslinks (PYD Deg EIA Metra™ PYD  Quidel Corp.
and DPD) (urine)
Pyridinoline (PYD) Deg EIA Metra™ Serum  Quidel Corp.
PYD (serum)
Synovium | Hyaluronic acid (HA) Syn Colorimetric  Alcian Blue None
analysis
coMp Syn EIA None None
Eicosanoids Deg EIA Correlate-EIA ~ Assay
Designs, Inc.
Cytokines IL-1B, TNFa, IL-6  Deg EIA Correlate-EIA  Assay
Designs, Inc.
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Most of the biomarkers of OA can be identified in the synovial fluid, serum, or
urine depending upon the stability of the analyte. In general, when examining a single
joint, the synovial fluid is the most valuable fluid to obtain due to its proximity to the
articular cartilage and synovium combined with the long half life of most markers in this
fluid. This makes it more likely to identify the majority of fragments that diffuse out of
cartilage prior to the further processing that occurs in the lymphatic system or in the liver
and kidney after they reach the blood®™. Therefore, joint disease related changes to the
biomarkers and their levels should be easier to assess. However, in the dog, synovial
fluid is harder to collect than blood due to its low volume, requirement for sedation, and
the concentration of the marker is dependent on the clearance rate of the joint that

. . .2
changes with inflammation 05,

Collection of blood is best for systemic musculoskeletal
disease, not for disease of a single joint, since the cartilage marker of interest gets diluted
and is combined with similar biomarkers from all of the cartilaginous tissues of the body
(Figure 1.9). Therefore, blood levels of a specific marker from an OA joint won’t change
unless the damage is pronounced and rapid®”. In addition, biomarker levels in the blood
and urine are affected by further processing in the liver and kidney. In fact, some
markers are present in normal s erum at c oncentrations b elow the limit of d etection o f
available assays, such as d eoxypyridinoline c ollagen cross-links which are excreted in
urine in a concentrated form. Collection of urine in the dog, however, is not easy, and
offers no real advantage for those markers that can be examined in the synovial fluid and
blood. The general approach of most OA studies is to ideally collect synovial flmd, if
possible, but to also collect serum, especially if a lavage technique was used to collect the

synovial fluid?®.
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Figure 1.9. Schematic representation of the relationship between the biomarker concentrations in the
synovial fluid from Joint A, the blood, and the urine. The concentrations of a biomarker in the single
joint depend upon the rates of synthesis and degradation, as well as the clearance from the joint.
Biomarkers in the serum are influenced by contributions from other joints (Joints B, C, etc.), as well as
by metabolism in the liver and clearance by the kidney. Adapted from Lohmander, et al. 1997, Simkin,
95, and Myers, 1999.

Most of the biomarkers examined in the dog with either naturally-occurring or
experimental transection of the CrCL have focused on proteoglycan metabolism in the
synovial fluid and/or serum®”*"°. These include analyses of sulfated glycosaminoglycans
(SGAG)**®21221¢  Keratan sulphate epitopes (5-D-4, 7-D-4)207-209211216 414 chondroitin
sulphate epitopes (3-B-3, 846)208211:214216219 11y addition, HA has been examined in this
model in the serum and synovial fluid****!. Very few studies have examined markers of

217

type II collagen cleavage’" or bone formation (osteocalcin Therefore, considerin
p g
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the acceptance and 1ong term use of this model of O A, there is plenty of potential to
examine many more biomarkers in the serum and synovial fluid of dogs after CrCL
transection. This study will examine biomarkers of inflammation (prostaglandin E,—
PGE,), type 1I collagen synthesis (carboxy-propeptide of type II collagen — CPII)**, type
IT or type I and II collagen degradation by collagenase cleavage (234CEQ neoepitopes
and  COL2-3/4Cgpon, respectively)m’223 ,  proteoglycan  turnover  (sulfated

224" and bone formation markers (bone alkaline phosphatase

glycosaminoglycans — sGAG)
— BAP, and osteocalcin — OC) before and after CrCL transection.

1.4.6 Synthetic MMP inhibitors.

The action of most currently available treatment for OA is directed toward control
of pain and/or inflammation associated with synovitis, but does little to reduce joint
destruction. Since MMPs have been determined to be a primary factor in cartilage
degeneration, they have been identified as a potential component of the OA process that
could be inhibited to prevent or limit actual structural breakdown of articular cartilage.
MMPs can be controlled at a number of points, including during the stimulation of
expression and production of proMMPs (i.e. cytokine inhibitors), during the activation of
proMMPs (i.e. proteinases and TIMPs), and by inhibiting activated MMPs (i.e. a2-
macroglobulin or TIMPs)>®. Corticosteroids are a commonly used therapeutic in OA that
can block MMP gene expression by binding directly to DNA or transcription factors®®,
but are not specific for MMPs. Synthetic inhibitors of MMPs, on the other hand, have

been designed to block the MMP activity at the protein level with a variable degree of

specificity towards MMP type.
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Many different types of inhibitors have been designed to counteract the action of
MMPs in cancer and OA (Table 1.3)**°. The initial inhibitors had a zinc chelating ligand
attached to a peptide that mimicked the cleavage site of the MMPs in the target substrate,
blocking the action of the MMP on the substrate®®. Many of these first inhibitors had low
oral bioavailability and were broad-spectrum. They were replaced by second generation
inhibitors that were based on the 3-dimensional structure of specific MMPs identified by
X-ray crystallography®>’. Since it has been suggested, through the use of genetically
engineered mice,**® that loss of a single MMP family member is not sufficient to prevent
OA, these inhibitors are generally broad spectrum. The second-generation inhibitors
have better specificity to certain groups of MMPs (stromelysins or collagenases). In
addition, these inhibitors have the potential to be more potent, with good bioavailability
such that they can reach the articular cartilage at therapeutic concentrations with minimal
side effects®®. However, one of the greatest hurdles for any drug is its capability to
penetrate the dense, highly charged matrix of the articular cartilage’. In fact, the
therapeutic benefits of MMP inhibitors in both OA and RA have yet to be seen”’>*° with
MMP inhibitors being used mostly to evaluate the importance of various MMPs via in
vitro cartilage explant systems®?#231-23¢,

Tanomastat (BAY 12-9566) is a non-peptidic biphenyl second generation MMP

71t is a broad-spectrum

inhibitor with a zinc-binding carboxyl group (Figure 1.10)
inhibitor that s electively targets MMP -3, -2, -9, and - 14, and is less inhibitory to the
collagenases (MMP -1, -8, and -13). It inhibits metastasis and angiogenesis in cancer

238

patients™" and halts or slows the progression of 0A»7?% 1t has good oral bioavailability

at multiple doses, with good penetration into the synovial fluid and
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Table 1.3, Table of MMP inhibitors described in the literature for use on cancer or OA. Known inhibitory constants (ICsg) are listed for MMP -1, -2, -3, -7, -
8,-9,-12,-13, - and -14. If the drug reached a clinical trial, the highest testing phase is listed. RA = rheumatoid arthritis, IBD = inflammatory bowel disease.

LY

MMP IC5, (nM)
Compound Company Use MMP- MMP- MMP- MMP- MMP- MMP- MMP- MMP- MMP- Clinical Trial
1 2 3 7 38 9 12 13 14
Marimastat British Biotech Cancer 5 6 200 20 2 3 2 III Cancer
Prinomastat Agouran Cancer, macular 83 0.08 0.27 54 0.26 0.04 111 Cancer
(AG3340) degeneration I Macular
degeneration
BMS-275291 Bristol-Myers Cancer 25 41 157 10 25 4 1II Cancer
(D 2163) Squibb & Celltech
Chiroscience
Metastat CollaGenex Cancer
Neovastat Aeterna Cancer III Cancer
Solmastat British Biotech Cancer, multiple 10 80 30 5 70 I Cancer
sclerosis
CGS 27023A Novartis Cancer, OA, in 33 20 43 8 7.7 1.9 Cancer (suspended)
vitro cartilage
Tanomastat Bayer Cancer, OA, in >5000 11 134 2200 301 66000 414 IIT Cancer
(withdrawn)

(BAY 12-9566)

vitro cartilage

11 OA (withdrawn)
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Table 1.3 (Continued) MMP ICsy (nM)
Compound Company Use MMP- MMP- MMP- MMP- MMP- MMP- MMP- MMP- MMP- Clinical Trial
1 2 3 7 8 9 12 13 14
Batimastat British Biotech Cancer, in vitro 10 4 20 10 1 3 II Cancer
(BB-94) cartilage (withdrawn)
Cipemastat Roche Biosciences  OA, RA, in vitro 3 154 527 4 59 3 IIT RA (suspended)
(Ro-323555) cartilage
Rs-130,830 Roche Biosciences OA 590 0.22 93 1200 0.58 0.52 II OA (suspended)
Ro-113,830 Roche Biosciences OA I OA
BB-87 British Biotech In vitro cartilage
explants
Rs-102,481 Roche Biosciences  In vitro cartilage 1100 19 18 32 0.08 1.8
Ro-31-9790 Roche Biosciences  In vitro cartilage
GI-168 Glaxo Inc. RA 3 3 225
Periostat CollaGenex Periodontitis, RA Licensed:
(Doxycycline) Periodontitis
D 1927 Celltech RA, IBD IIRA
Chiroscience
Ilomastat Glycomed Corneal ulcers III corneal ulcer
(GM 6001) (withdrawn)




Pro MMP’s

PR |
Synovial fluid  pnyp

Articular cartilage Chondrocyte

Pro MMP’s
* , s BAY 12-9566
y

Active MMPLx’_' Matrix degradation

Figure 1.10. Schematic of events (oversimplified) that occur within the joint after trauma or
inflammation. The synovial membrane, synovial fluid, articular cartilage, and subchondral bone are
each represented. The relative location and action of the MMP inhibitor, BAY 12-9566, in blocking
matrix degradation within articular cartilage is demonstrated.

articular cartilage, even though it is highly protein bound (99.9%)*°2*'. In IL-1
stimulated cartilage explant studies, BAY 12-9566 has been shown to reduce the amount
of proteoglycan release and collagen degradation in a dose-dependent manner* =24,
Histologic evidence of significant decreases in cartilage lesions after administration of

12, as well as

oral BAY 12-9566 has been demonstrated in a rat adjuvant arthritis mode
in canine and guinea pig meniscectomy models of OA*!, with cartilage loss being

reduced by 50-60% compared to controls in the canine model. These reports suggest that

BAY 12-9566 has the potential to be a useful anti-arthritic therapy. Therefore, we will
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evaluate the efficacy of orally administered BAY 12-9566 in slowing down or halting the
progression of degradative changes in the joint that occur secondary to CrCL transection
in the dog. This will be evaluated based on differences detected in the degree of
pathology (gross and histologic), the clinical parameters of pain and inflammation,

radiographs, force plate analysis, and biomarker analyses.
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2.1  Summary

Objective. To develop a technique for arthroscopic transection of the cranial cruciate
ligament (CrCL) in dogs for the creation of a model of osteoarthritis (OA).

Methods. 1Initial cadaveric study (using 35 canine stifles), after which the technique was
applied to a large group of dogs (60 mature male Walker Hounds) used in an
osteoarthritis study. Cadavers or anesthetized dogs were positioned in dorsal recumbency
and the right hind limb was secured in maximal flexion. The arthroscope was inserted
lateral to the patellar ligament, midway between the distal patella and the proximal tibia.
The craniomedial band of the CrCL was identified, and the instrument portal was made
medially, cranial to the medial femoral condyle and proximal to the medial meniscus. A
meniscectomy blade was used to transect the cruciate ligament, and the arthroscope was
directed between the transected ends to verify complete transection. If incomplete, the
meniscectomy blade was repositioned to complete transection. Transection was
confirmed by the presence of a cranial drawer response.

Results. Complete CrCL transection required an average of 14 minutes (range, 4-40
minutes) and was verified in 59 of 60 dogs at post-mortem. Two passes of the
meniscectomy blade were required for complete transection in the majority of dogs
(57%). The fat pad was resected in 13% of the dogs. Intra-operative complications
included iatrogenic fibrillation of cartilage on the axial aspect of the medial femoral
condyle (12%), intra-articular hemorrhage (12%), and periarticular accumulation of
saline (18%). Of the instances requiring fat pad resection, 5/8 (63%) also had

hemarthrosis and/or periarticular saline accumulation.
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Conclusion. The described arthroscopic technique causes little iatrogenic damage or
morbidity while providing reliable transection of the CrCL of the dog that mimics the
clinical condition of CrCL rupture and subsequent development of OA.

2.2 Introduction

Transection of the cranial cruciate ligament (CrCL) in dogs is a commonly used
model of experimental osteoarthritis (OA). This model is characterized by mechanical
instability that leads to progressive clinical, biochemical, morphologic, and radiographic
changes in the articular cartilage that closely mimic the early events of canine and human
OA!0#12-13124 i severity of the induced arthritis can vary greatly within the model
itself, as well as amongst the different induction techniques available'**'*"*!. Three
previously described techniques used for CrCL transection are a percutaneous stab
incision'”', an open arthrotomyloo, and arthroscopy'*’.

Historically, the most common, least invasive technique for CrCL transection is
the percutaneous stab incision (Pond-Nuki model)!”".  However, even though this
technique is relatively non-invasive since it is performed through a small stab incision, it
has the potential to cause a great deal of iatrogenic damage to intra-articular structures

104,129-131

such as articular cartilage Moreover, this technique does not allow direct

visualization of the CrCL, therefore potentiating incomplete or overzealous transection of

the CrCL, with partial transection of the caudal cruciate ligament'®*.

An open arthrotomy avoids many of the problems inherent with the percutaneous
stab incision technique, because it allows direct visualization of the CrCL'®*"!.

However, it has its own inherent problems since it requires extensive soft tissue

dissection, creating a variable degree of injury to periarticular neurovascular structures®.
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This can then result in altered mechanical activity of the joint and thus prolonged
morbidity. In addition, an extensive arthrotomy alone can cause pathological changes in

all of the ligaments associated with the stifle’®.

Because of the problems inherit in these two methods, other investigators have
performed arthroscopically guided CrCL transection'>"****2*2% * The main advantage
of arthroscopy is that it allows direct visualization for transection of the CrCL with
minimal damage to the articular cartilage or caudal cruciate ligament'®. It maximizes the
advantages of the other techniques by performing the surgery through a small stab
incision, while at the same time allowing a thorough examination of intrasynovial
structures. This results in less incisional morbidity as well as less damage to intra-

1
29,130 Moreover,

articular structures, thereby allowing for quicker rehabilitation
arthroscopic transection of the CrCL 1n the dog (unilateral and bilateral) has been shown
to be similar to the Pond-Nuki and the open arthrotomy models, in terms of the amount

129-1
a'#13t However, to the

and degree of degenerative intra-articular changes produce
authors’ knowledge, a detailed description of the arthroscopically guided CrCL
transection technique is lacking. Therefore, the purpose of this paper was to describe, in
detail, the technique for arthroscopic CrCL transection in the dog as it was applied to an
investigative study of a novel anti-arthritic agent. It was not the purpose of this paper to
describe the articular lesions produced from this model, since they have already been

previously reported!2%131:244,

2.3 Materials and methods

A 30-degree, 2.7-mm arthroscope was used for this procedure, and was connected

to a light source and a videoendoscope (Dyonics, Smith and Nephew, Inc., Andover,
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MA), allowing collection of video and digital still images. An adjustable constant rate
infusion pump was used to allow continuous infusion of the joint with saline. The only
arthroscopic instruments required for completion of the CrCL transection included a
meniscectomy blade (CSU Meniscus Knife, Sonatec Instruments, Englewood, CO),

(Figure 2.1) and a vacuum-assisted motorized synovial tissue resector. In order to

s

Figure 2.1. Photograph of the meniscectomy blade used to transect the cranial cruciate ligament. Note the
difference in lengths between the two blunt ends. The long blunt end was placed underneath the
craniomedial band of the CrCL so that the cutting surface (concave portion) surrounds the CrCL.

ensure a reproducible approach for arthroscopic CrCL transection, the techniques were
developed and standardized on 35 stifles of canine cadaver specimens prior to use in a
live animal study. All stifle joints of the cadavers were dissected to document complete
CrCL transection, and to determine the extent of damage to other intra-articular
structures. After standardization of the technique on cadavers, 60 adult, purpose bred,
male Walker hounds, with an average weight of 24.1 kg (range, 16.8 - 33.3 kg) were used
in this study. All dogs had normal physical, orthopaedic, radiographic, and force plate

examinations.
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All dogs were premedicated with a mixture of acepromazine (0.05-0.1 mg/kg
intramuscularly), morphine (1 mg/kg intramuscularly), and atropine (0.04 mg/kg
intramuscularly). Sodium thiopentathol (12-24 mg/kg intravenously) was used for
induction, followed by maintenance with 1-2% isoflurane during the surgical procedure.
The heart rate and blood pressure were continuously monitored. Analgesia was
administered via a 5 mg fentanyl patch (2.0 pg/kg/hr) that was applied the day before
surgery and was maintained for 72 hours post-operatively. Morphine (1 mgkg
subcutaneously) was also administered for pain post-operatively as needed. Cephalexin
(Keflex) was given intravenously during surgery, and was continued orally (10 mg/kg)
every 12 hours for 3 days to prevent infection.

Dogs were obtained through approved sources by the Colorado State University
Laboratory Animal Resources, and the study was conducted under a protocol approved
by the Colorado State University Animal Care and Use Committee.

2.4 Results

Each dog was placed in a supine position, and the right hind limb was firmly
secured in maximal flexion. The right hind limb was then routinely prepared for surgery
and draped. A 20-guage needle was placed in the medial aspect of the joint and directed
into the intercondylar region in an attempt to avoid distention of the fat pad with injected
saline. Synovial fluid was aspirated from the joint to confirm intra-articular needle
placement and the joint was then distended with 10 ml of saline. This provided maximal
distention of the joint, making the optimal site for the arthroscopic portal easily
identifiable on the lateral aspect of the joint. A 3-mm lateral parapatellar skin incision

was made at the point of maximal distention, lateral to the patellar tendon, midway
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between the femur and tibia (Figure 2.2). A stab incision was then made through the

Figure 2.2. Schematic representation of the described arthroscopic technique in a canine stifle placed in
maximal flexion. The dashed lines represent the patellar ligament. Medial (M) and lateral (L) are labeled
accordingly. A 30-degree, 2.7-mm arthroscope was inserted laterally, midway between the distal aspect of
the patella and the proximal aspect of the tibia. The instrument portal was made cranial to the medial
femoral condyle, and proximal to the medial meniscus, and the meniscectomy blade was inserted.
Placement of this portal allowed access to the midbody of the cranial cruciate ligament so that there is

minimal iatrogenic damage during transection.

subcutaneous tissues and into the joint using a # 11 blade. If the portal was made too
distal, then either menisci could be damaged. A 2.7-mm arthroscopic sleeve and blunt
trochar were introduced into the joint via this lateral incision, and then directed caudally
into the intercondylar region. The trochar was removed from the sleeve allowing fluid to
escape from the joint, confirming intra-articular placement. The arthroscope was inserted

into the sleeve and continuous low-pressure lavage of the joint with saline was started
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and maintained at 40 cm of HyO pressure. The cranial femorotibial compartments of the
joint were then examined for the presence of any intra-articular abnormalities.

The arthroscope was initially directed into the medial compartment of the stifle
allowing visualization of the medial femoral condyle, medial meniscus, and craniomedial

band of the CrCL (Figure 2.3). Determination of the site for the instrument portal was

Figure 2.3. Arthroscopic photograph of the medial femorotibial compartment of the canine stifle via a
lateral parapatellar approach, with the limb positioned in maximal flexion. Notice the clear visualization of
the medial femoral condyle (MFC), medial meniscus (MM), proximal medial tibia (T), and the medial
aspect of the craniomedial band of the cranial cruciate ligament (CrCL). This was the typical view of the
CrCL that should be obtained prior to insertion of the meniscectomy blade.

best obtained by inserting a 20-gauge needle directly into the medial pouch, mimicking
the direction of the meniscectomy blade (Figure 2.2). The needle was then removed and
the incision made in the same direction as the needle, with the blade being observed
arthroscopically, thereby minimizing iatrogenic damage. The instrument portal needed to
be large enough so that when the meniscectomy blade was inserted, it did not enlarge the

joint capsule more than the skin. If the skin portal was too small, extravasation of fluid
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would increase rapidly, which tended to collapse the joint. Placement of a needle for
identification of the instrument portal allowed placement of the meniscectomy blade
cranial, parallel, and slightly proximal to the level of the medial meniscus (Figure 2.2), so
as to minimize damage to other intrasynovial structures. The most common area that
could be traumatized was the intercondylar fossa of the lateral condyle. Moreover, if the
portal was placed slightly more distal, then it was possible to damage the lateral meniscus

or the cranial intermeniscal ligament during transection.

Once inside the joint, the meniscectomy blade was then manipulated until the
longer blunt end of the blade could be positioned underneath the CrCL with the short end

of the C-shaped blade partially encircling the ligament (). If the blade could

Figure 2.4. Arthroscopic photograph of the medial femorotibial compartment of the canine stifle via a
lateral parapatellar approach with the limb positioned in maximal flexion. The long blunt end of the
meniscectomy blade was placed underneath the medial aspect of the cranial cruciate ligament (CrCL). The
blade was then directed caudally (arrow) so that the concave cutting surface could completely surround the
CrCL, maximizing the potential for complete transection.
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not be adequately positioned due to poor visualization of the CrCL due to the fat pad,
then a vacuum-assisted mechanical synovial tissue resector was used to debride the fat
pad until the craniomedial band of the CrCL could be seen. Once encompassing the
CrCL, the blade was then directed slightly caudally (downward) in an attempt to
completely encircle the medial aspect of the craniomedial band of the CrCL (). The limb
was held rigid and the midbody of the cranial cruciate ligament was transected by
directing the blade in a medial to lateral direction, with constant caudally directed
pressure. No attempt was made to prevent hemorrhage during transection. The
arthroscope was directed between the transected ends to evaluate the thoroughness of the
CrCL transection. If complete transection had occurred, the arthroscope could be
successfully directed through the lateral portion of the CrCL, and the caudal aspect of the

joint could be completely visualized (Figure 2.5). However, if there was incomplete

Figure 2.5. Arthroscopic photograph of the caudal medial aspect of the canine stifle via a lateral
parapatellar approach with the limb in maximal flexion after complete arthroscopic transection of the CrCL
with a meniscectomy blade. The arthroscope was placed between the transected ends of the CrCL,
allowing examination of the entire caudal aspect of the joint. Note how the caudal cruciate ligament
(CaCL), axial surface of the medial femoral condyle (MFC), caudal horn of the medial meniscus (MM) and
the caudal meniscotibial ligament of the medial meniscus (CLMM) was clearly visible after transection.
This view was not possible if transection was incomplete (see Figure 2.6).
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transection, the arthroscope could not be directed completely through the lateral portion
of the CrCL (Figure 2.6). In this situation, additional medial to lateral passes of the
meniscectomy blade were performed until complete transection of the CrCL was
obtained. After the initial pass of the meniscectomy blade through the midbody of the
CrCL, the fat pad would occasionally prevent visualization of the transected ends of the
ligament. A vacuum-assisted synovial tissue resector was used to debride the fat pad
until the transected ends could be adequately visualized.

Any remaining fluid in the joint was removed via the arthroscopic sleeve. The

skin portals were closed using 3-0 Nylon, and the incision was lightly bandaged with

Figure 2.6. Arthroscopic photograph of the canine stifle via a lateral parapatellar approach with the limb in
maximal flexion after partial transection of the CrCL with one pass of the meniscectomy blade. The
arthroscope was directed between the medially transected ends of the CrCL (arrows), and identifies
incomplete transection of the lateral aspect of the CrCL (outlined by parallel lines).

gauze and adhesive tape. The limb was then manipulated after suture placement for final

conformation of CrCL transection by a positive cranial drawer response. The animals
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were closely monitored during the first 48 hours post-operatively for any signs of pain,
infection, anorexia, or intestinal complications. The skin sutures were removed after 2
weeks. To encourage the development of OA, the dogs were placed in an exercise
protocol that required leash walking for 30 minutes every day for 5 days/week from the
second day post-operatively until sacrifice at 4 months. All dogs were euthanized with
sodium pentobarbital euthanasia solution (88 mg/kg) via intravenous injection. At the
time of sacrifice, both stifles were disarticulated and examined grossly for verification of
CrCL transection. Grading of osteoarthritic changes as well as further sample collection
was performed for a concomitant study of a novel anti-arthritic agent.

For the 60 dogs, a mean of 14 minutes (range, 4-40 minutes) was needed to
complete the CrCL transection from the first skin incision to the closure of the last portal.
Surgery time decreased as experience with the technique improved. To achieve complete
transection of the CrCL, 34 (57%) of the dogs required two passes with the
meniscectomy blade, while 15 (25%) required one, and 11 (18%) required 3 or more
passes with the blade. Gross examination of the operated stifles upon necropsy
confirmed transection of the CrCL and the induction of OA in all but one dog. This dog
had its CrCL only partially transected with minimal induction of OA. All dogs could
walk on the limb within 36 hours of surgery and there were no post-operative
complications.

Intra-operative c omplications included i atrogenic fibrillation o f the c artilage on
the axial aspect of the medial femoral condyle in 7 (12%) dogs. This was a direct result
of trauma from the trochar during creation of the arthroscope portal. In addition, 7 (12%)

of the dogs had hemorrhage into the joint at some point during the procedure, and 11
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(18%) had periarticular accumulation of saline. None of these complications were
considered severe enough to prevent completion of the CrCL transection. The fat pad
had to be resected in 8 (13%) of the dogs, with half of these occurring in the initial 10
surgeries. Of the 8 dogs that had the fat pad resected, 5 (63%) also had hemarthrosis
and/or periarticular fluid accumulation.

2.5 Discussion

Traditionally, the percutaneous stab incision and the open arthrotomy techniques
have been the most commonly used procedures for transecting the cranial cruciate
ligament in dogs to create an experimental model of OA'™. The authors of this report
decided to use the arthroscopic technique for CrCL transection in an attempt to maximize
the advantages of small portals and good visualization. Even though there are other

129-132,244,246-24
246248 3 complete

studies reporting the use of arthroscopy for CrCL transection
description of the technique was lacking. In order to have a reproducible model of OA
via arthroscopic transection, we felt that development of a consistent technique was
critical for success. There is little margin for error throughout the entire procedure.

Therefore, the purpose of this paper was to describe our arthroscopic technique for CrCL

transection that produced a consistent model of OA with little post-operative morbidity.

During standardization of this procedure with cadavers, different degrees of
flexion were examined, and full flexion allowed for the best visualization and access to
the cranial cruciate ligament. When the limb was placed in maximal flexion, the cranial
cruciate ligament became easily identifiable at the medial aspect of the craniomedial band
and it was clearly separated from the caudal cruciate ligament®. In contrast, when the

limb was placed in partial flexion, it was difficult to separate the CrCL and caudal
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cruciate ligament. The craniomedial band of the CrCL remains taut in maximal flexion®,
allowing reliable placement of the meniscectomy blade around the CrCL for transection.
An additional advantage of maximal flexion of the stifle, was that it allowed for less
iatrogenic injury to other intrasynovial structures, because it placed the midbody of the
CrCL in the middle of the joint, away from both menisci and the caudal cruciate
ligament. It was also easier to insert the arthroscopic trochar and sleeve into the joint by

allowing more entry space into the intercondylar region'”.

Overzealous entry of the
arthroscopic trochar and sleeve into the intercondylar region can still damage the articular
cartilage of the axial, non-weight-bearing surface of the medial femoral condyle as seen

in our study. It should be noted that as we became more experienced with the technique,

this iatrogenic damage was minimized.

It was also important to place the limb as perpendicular to the surgery table as
possible, to minimize the amount of abduction/adduction that can occur. The procedure
was much more difficult if the limb had even a small degree of abduction/adduction
because of the potential for periarticular accumulation of saline. This would occur
because of a change in the tissue planes of the initial incision, thereby trapping fluid in
the subcutaneous tissues. This, in turn, made it increasingly difficult to insert the

74,177,1 . .
VAT periarticular fluid

instrument into the joint and to maintain joint distention
accumulation also decreased the visibility within the joint because of collapse of the joint
capsule itself. In addition, because the tissue planes were under more pressure with fluid

accumulation, it became more difficult to interpret the presence of a cranial drawer

response after transection.
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As with any arthroscopic procedure, distention of the stifle prior to insertion of
the arthroscopic trochar/sleeve was very important to ensure that the arthroscopic sleeve
and trochar were inserted into the joint and not subcutaneously. If the joint was
adequately distended, but no fluid escaped from the arthroscopic sleeve after the blunt
trochar was removed, then the blunt trochar and arthroscopic sleeve were redirected until
fluid escaped from the sleeve after removal of the trochar. This ensured that the cannula
was in the joint prior to saline infusion. If the cannula was placed subcutaneously and
fluid was pumped extrasynovially, then it became very difficult to enter and remain in the

joint due to collapse of the joint capsule.

Many studies describe making a skin and subcutaneous incision only for the
arthroscopic porta1174’176'179. The joint capsule is then entered using a sharp trochar in a
slow twisting motion. This procedure can make it difficult to introduce the arthroscopic
sleeve/trochar, and can also create a large hole through the joint capsule, potentiating
periarticular extravasation of fluid. In addition, this increases the chances of iatrogenic
damage of intrasynovial structures. The authors minimized the potential for the
occurrence of this problem by making a small stab incision through the subcutaneous
tissue and the joint capsule. This stab should still be made as small as possible to
minimize collection of fluid periarticularly.

It was important to make sure that the meniscectomy blade remained sharp. Once
the blade became blunt, it was difficult to completely transect the CrCL. In addition, it
became VerSI easy to damage the arthroscope, in addition to the lateral joint capsule. In
our study, a dull blade was the main reason for requirement of multiple passes in order to

completely transect the CrCL. The blade starts to dull after successive use in 4 dogs,
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which w as minimized by having a second sharp meniscectomy blade a vailable d uring
each surgery period of 5 or more dogs. With a sharp blade, the CrCL could be entirely
transected with one pass of the meniscectomy blade. With this procedure, if part of the
CrCL remained intact, it was on the caudal lateral aspect of the ligament (Figure 2.6).
This portion of the ligament remains loose when the limb is in maximal flexion®. When
transecting the cranial cruciate ligament, the blade should be directed caudally (down)
after encompassing the medial aspect of the ligament (Figure 2.4). If not directed
caudally, then the loose caudal lateral portion will not be transected on the first pass.
Since the arthroscope is introduced laterally, it was difficult to adequately view the lateral
aspect of the ligament. One can attempt to switch the instrument and arthroscopic portals
to better visualize the lateral aspect of the ligament, but it has the potential to result in
extrasynovial fluid accumulation. With experience, any intact portion of the CrCL can be
identified via the lateral arthroscopic portal. The remaining intact portion of the cruciate
ligament can be transected by inserting the meniscectomy blade through the previously
transected medial section allowing access to the non-transected portion.

The fat pad did not have to be transected in most dogs with this technique. It was
only transected in 13% of the dogs in this study. The fat pad tended to obstruct the view
of the entire joint if saline was infused into it during the initial injection or if the joint was
egressed immediately. The infusion rate of saline was only increased above 40 cm H,O
pressure if there was adequate visualization of the joint, and was not increased above 100
cm H,O pressure, in order to minimize the risk of periarticular fluid extravasation'*. In
our experience, the fat pad interfered at two stages of the surgery. It either initially

obstructed visualization of the medial aspect of the CrCL, or when the arthroscope was

66

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



directed between the transected ends of the CrCL. Once the fat pad obstructed
visualization, then it had to be resected in order to view the CrCL. This could be done
with any arthroscopic ronguer'’”'7®, but because of the size of the joint it was most easily
accomplished using a motorized soft tissue resector. Only enough of the fat pad had to
be resected to allow visualization of the CrCL. As more of the fat pad was resected, the
potential for hemorrhage increased, which obstructed the surgical field even further. In
addition, the more fat pad resection required, resulted in greater periarticular fluid
extravasation. This proved to be the case in this study since 63% of those dogs that had
the fat pad resected had hemarthrosis and/or periarticular saline accumulation as well.

Only one dogout of 60 dogs in this study had p artial transection o f the CrCL
using the described technique. This dog was in the first group of 10 dogs that had CrCL
transection. In this dog, there was difficulty in visualization of the CrCL due to the fat
pad, and periarticular fluid accumulation. In this case, the fat pad was liberally resected,
leading to hemarthrosis and additional periarticular fluid accumulation. This made it
difficult to identify the lateral portion of the CrCL, and interpret a cranial drawer
response. The lack of visibility of the lateral portion of the CrCL is the major drawback
to using this procedure, since the key to its success and one of its major advantages over
the percutaneous stab incision method is the visual verification of transection. This
became less of a problem with experience, as surgical time decreased and more success
was obtained with trying to avoid the fat pad and preventing periarticular fluid
accumulation.

The arthroscopic procedure for CrCL transection described in this study provides

a reproducible model of OA with little morbidity and iatrogenic damage to other
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intrasynovial structures. It is probably equivalent to the best-case scenario with the Pond-
Nuki model (i.e. no iatrogenic damage with complete CrCL transection) because it
minimizes the post-operative morbidity through small stab incisions. The arthrotomy
method not only has the potential to injure periarticular neurovascular structures'**'*%*%,
but it also could make the stifle inherently more stable compared to other techniques due
to fibrosis of the incision. This fibrosis may negatively impact on the degree of OA
changes that occur over time as CrCL transection creates OA through instability of the
joint.

177179 However,

Arthroscopy of the canine stifle requires patience and practice
once the surgeon has experience with the arthroscopic procedure for CrCL transection
described in this report, it is a very reliable and reproducible technique for the induction

of OA in the dog. This experimental OA model can then be used to evaluate novel anti-

arthritic agents for both animals and humans.
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31 Summary
Objective. To determine the temporal pattern and severity of intra-articular changes in
the early period after cranial cruciate ligament (CrCL) transection in the dog.
Methods. Three adult purpose bred male Walker Hounds had the right CxCL transected
arthroscopically at day 0. Serial arthroscopic examinations were then performed at 14,
28, 70, and 126 days post-CrCL transection. The temporal pattern and severity of
changes to the synovium, joint capsule, menisci, and articular cartilage were described
and graded for each day. Arthroscopic findings were verified grossly at 126 days post-
CrCL transection.
Results. Articular cartilage and medial meniscal damage started as early as 2 weeks after
CrCL transection and generally progressed from there. Stretching or rupture, to a
variable degree, of the cranial meniscotibial ligament of the medial meniscus was
identified in all 3 dogs. The degree of synovitis peaked at one month after CrCL
transection, and then decreased over time.
Conclusion. Clinically relevant osteoarthritic changes start to occur shortly after CrCL
transection and will generally progress when the joint is not stabilized.
3.2 Introduction

Cranial cruciate ligament (CrCL) rupture in dogs has been reported to be a
common cause of hind limb lameness’, and may actually be under-diagnosed'”. CrCL
rupture causes gross instability and inflammation that creates a cascade of events in the
joint that can lead to osteoarthritis (OA). OA is a rapidly progressive process that is
ultimately represented by degradation of articular cartilage and damage to menisci and

1,249

subchondral bone This degradation is believed to be irreversible, and is usually
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clinically evident within the first few months after CrCL rupture. The goal of treatment
of CrCL rupture is to attempt to minimize the instability created by stabilizing the joint
surgically, thereby preventing further deterioration of the joint and facilitating early

148,155

return to full function Surgical stabilization for CrCL rupture has undergone a

pronounced evolution and includes many different procedures®’.

In astudy o f CrCL deficient d ogs that w ere not stabilized, V asseur stated that
joint stabilization should be performed immediately after rupture because, regardless of
size, all dogs developed OA®*'. However, in most referral hospitals, dogs will generally
present with a chronic history of rupture in which OA is already established prior to
surgery’. The range from the time of injury to surgical repair is reported to be 3 to 18
weeks, with most being performed closer to the later time point!*>!3* 13423223 Thg
suggests that duration from injury to surgery is likely a major contributing factor to the
overall progression of OA. In fact, one large prospective study of post-operatively
stabilized CrCL deficient stifles demonstrated a positive correlation between disease
duration and the amount of osteophytes and cartilage fibrillation present'*.

To c omplicate m atters e ven further, the m edial meniscus also tends to become
injured at some stage post-CrCL rupture. The types of meniscal injury have been well

1419 " and usually involve the caudal horn of the medial meniscus.

described in dogs
However, the duration of disease has not been shown to correlate with the incidence of
meniscal injury'*®. Meniscal damage can occur either at the same time as the insult that
resulted in the cruciate rupture, or more likely secondary to the abnormal forces placed

across the joint as a result of CrCL rupture'*'>*. This tends to indicate that it would be

important to attempt to stabilize the joint to minimize the potential for meniscal damage.
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Little is reported in regard to the temporal pattern of clinically relevant
osteoarthritic changes that occur within the articular cartilage and medial meniscus of the
canine stifle after CrCL rupture. A better understanding of these changes would
potentially help the clinician to make decisions that would improve the overall care and
prognosis of CrCL deficient dogs. Experimental transection of the CrCL provides the
capability to examine the intra-articular changes that occur within the joint immediately
after transection. This provides many advantages, including the ability to know the
temporal pattern of damage to intra-articular structures. Arthroscopy has been shown to
be a valuable and reliable tool for identifying CrCL rupture as well as grading

osteoarthritic changes in the dog'’*'".

Arthroscopy has usually been used to examine
the CrCL deficient stifle at one given time point after transection to compare the
arthroscopic findings to those after arthrotomy as well as with the gross findings'™*.
However, to the authors’ knowledge, only one study in dogs has reported serial
arthroscopic examinations of CrCL deficient joints to determine the long term intra-
articular changes'®’. Therefore, the purpose of this study was to arthroscopically examine
the stifles of three dogs, post-CrCL transection, to determine the temporal pattern and
severity of changes that occur in the early period after CrCL transection. Our hypothesis
was that articular cartilage degradation and meniscal damage would be established within
the first two weeks after CrCL transection.

3.3  Materials and methods

3.3.1 Experimental design. Three purpose-bred adult male Walker hounds

(20.5, 22.1, and 22.9 kg) were studied. Inclusion criteria required the dogs to be free of

72

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



pre-existing orthopaedic disease of the stifles based on routine physical, orthopaedic,
lameness, radiographic, and force plate examinations.

All dogs were anesthetized and the right hind limb was prepared for aseptic
surgery. A lateral parapatellar arthroscopic approach to the right stifle was used to
examine the joint for the presence of any intra-articular pathology of the articular
cartilage, cruciate ligaments and menisci. The CrCL was then transected arthroscopically
using a meniscectomy blade (Chapter 2). Serial arthroscopic examinations were
performed at 14, 28, 70, and 126 days post-CrCL transection. The stifles were evaluated
systematically, starting in the medial femorotibial compartment followed by the
intercondylar region and finishing in the lateral femorotibial compartment.

Analgesia was administered via a 5 mg fentanyl patch (2.0 pg/kg/hr) that was
applied the day before each surgery and was maintained for 72 hours post-operatively.
Morphine (1 mg/kg subcutaneously) was also administered post-operatively for pain, as
needed. Cephalexin (Keflex) was administered intravenously during surgery and was
continued orally (10 mg/kg) every 12 hours for 3 days to prevent infection. Throughout
the study, all dogs were housed in individual runs. The animals were closely monitored
during the first 48 hours post-operatively for any signs of pain, infection, anorexia or
intestinal complications. To encourage the development of OA, dogs were placed in an
exercise protocol that required leash walking for 30 minutes every day for 5 days/week
from the second day post-operatively until 126 days post-operatively. All dogs were
euthanized with sodium pentobarbital euthanasia solution (88 mg/kg) via intravenous

injection at day 126 post-transection. At the time of sacrifice, the stifles were
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disarticulated and examined grossly for the location and extent of osteoarthritic changes
present. The gross pathology was descriptively recorded and digitally photographed.

Dogs were obtained through approved sources by the Colorado State University
Laboratory Animal Resources, and the study was conducted under a protocol approved
by the Colorado State University Animal Care and Use Committee.

3.3.2 Arthroscopic analysis. For the purposes of recording the changes
identified during arthroscopic examination, the intra-articular changes were documented
on videotape and via digital photography. For each observation period, descriptive
analysis as well as grading of the severity of the gross changes of the synovium, fibrous
tissue reaction, menisci, and articular cartilage were recorded by the surgeon (TNT).
Descriptive analyses consisted of identifying the arthroscopic changes as none, mild,
moderate, or severe based on the location and extent of injury during each arthroscopic
examination.

Severity grading was performed after all of the serial arthroscopies were
performed, and was based on a 0-3 scale. The degree of synovitis was graded as 0 = no
synovitis present, 1 = mild synovitis represented by slightly hyperemic synovial
membrane, 2 = moderate synovitis represented by a moderate amount of hypertrophy and
hyperemia of the synovial membrane, or 3 = severe synovitis represented by villous
hypertrophy and thickening and hyperemia of the synovial membrane, such that it bleeds
on contact. The degree of fibrous reaction was graded as 0 = no fibrinous or fibrous
reaction, 1 = consolidation of the fat pad and the presence of fibrin on and around the
transected ends of the CrCL, 2 = increased size/consolidation of the fat pad with more

organized fibrin on and around the CrCL ends, as well as moderate capsular fibrosis or
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the presence of fibrinous tags, or 3 = organized fibrous response on or around the CrCL
or joint capsule and/or the presence of mature fibrous adhesions.

Meniscal damage was graded for the medial meniscus only. Overall damage of
the medial meniscus was graded as 0 = no change, 1 = mild fibrillation or tearing of the
axial surface, 2 = moderate fibrillation and/or small transverse tearing of the axial
surface, or 3 = severe fibrillation and or longitudinal tearing of the caudal hom. Specific
changes that occurred around the cranial horn of the medial meniscus were graded as 0 =
no change, 1 = slight proximal and/or abaxial displacement of the cranial horn, 2 =
moderate proximal or abaxial and caudal displacement of the cranial horn and/or
increased vascularity at the junction of the cranial meniscotibial ligament, or 3 = severe
abaxial and caudal displacement of the cranial horn with fibrinous/fibrous reaction and/or
increased vascularity around the junction of the cranial meniscotibial ligament. Articular
cartilage lesions on the medial and lateral femoral condyles, as well as the medial and
lateral tibial plateaus were graded as 0 = no change, 1 = mild fibrillation, 2 = moderate
fibrillation and/or the presence of clefts or score lines, or 3 = severe fibrillation and/or
full thickness cartilage erosion.

3.4  Results

A summary of the arthroscopic findings for dogs A, B, and C is presented by

examination period. Specific severity gradings of arthroscopic lesions for each

observation period of each dog are listed in Table 3.1.
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Table 3.1; Severity grading for the intra-articular changes noted arthroscopically, based on a 0-3 scale for each dog (A,B,C) for each examination (day 14,
28, 70, 126) after CrCL transection. The severity grade for each change was averaged for the 3 dogs for each examination (Avg). Articular cartilage
fibrillation (Fib) was calculated by combining the 4 areas assessed. The total severity score for each day was calculated by taking the average of all of the
scores for all of the intra-articular changes examined on each day. Cr = cranial, Med = medial, and Men = meniscus.

‘uoissiwgad 1noypum pauqiyosd uononpolidas Jayung “Jaumo 1ybuAdoo ayy Jo uoissiwiad yum pasonpoldey
9L

Day 14 Day 28 Day 70 Day 126
Dog Dog Dog Dog
Intra-articular changes A B C Avg A B C Avg A B C Avg A B C Avg
Synovitis 1 1 2 1.3 2 2 3 2.3 1 2 1 L3 1 1 1 1
Fibrous Reaction 2 1 I 1.3 2 1 2 L7 3 2 3 2.7 3 3 3 3
Meniscal Fibrillation 1 1 1 1 1 1 2 L3 2 1 3 2 2 2 3 2.3
Displacement Cr Med Men 0 0 0 0 1 2 2 L7 2 2 3 2.3 2 3 3 2.7
Articular Cartilage Fibrillation
Lateral Femoral Condyle 0 0 0 0 1 0 0 0.3 1 1 0 0.7 1 1 1 1
Medial Femoral Condyle 0 0 1 0.3 1 0 1 0.7 1 1 1 1 2 2 2 2
Lateral Tibial Plateau 0 2 0 0.7 0 2 0 0.7 2 2 2 2 2 2 3 2.3
Medial Tibial Plateau 0 0 0 0 0 0 0 0 2 0 2 1.3 2 2 3 2.3
Articular Cartilage Fib Avg 0.25 0.43 1.25 1.9
Day 14 Ave 0.58 Day 28 Ave 1.09 Day 70 Ave 1.66 Day 126 Ave 2.08




3.4.1 Day 0. Transection of the CrCL was successfully performed in all dogs,
with no complications. All of the dogs were non weight-bearing lame on the limb
immediately after surgery, and 2/3 (A and B) began toe-touching within the first few days
after surgery. Lameness continued to improve throughout the first two weeks, and
remained mild to moderate throughout the rest of the study for these two dogs. The other
dog (C) remained non weight-bearing through day 70 and began toe-touching by day 126.

3.4.2 Day 14. There was mild synovitis present throughout the joint in 2/3 dogs
(A and B) and moderate synovitis present in the third (C). The fat pad was slightly
enlarged and consolidated, and there was a mild to moderate amount of fibrin present on
the transected ends of the cruciate ligament in all dogs. The entire axial surface of the
medial meniscus could be easily observed without manipulation of the limb with a mild
amount of fibrillation present on the cranial axial surface of the medial meniscus in all
dogs (Figure 3.1A). One dog (C) had mild cartilage fibrillation on the medial femoral

condyle, whereas another dog (B) had a moderate degree of articular cartilage fibrillation

A) B)

Figure 3.1. Day 14 post-CrCL transection arthroscopic view of the medial femorotibial compartment (A)
and the intercondylar region (B) of dog A and B, respectively, demonstrating mild fibrillation (small arrow)
on the axial surface of the medial meniscus (A) and moderate articular cartilage fibrillation (large arrows)
on the lateral intercondylar eminence (LIE) of the tibia (B). MFC = Medial Femoral Condyle, MTP =
Medial Tibial Plateau, MM = Medial Meniscus.
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on the proximal lateral intercondylar eminence of the tibia (Figure 3.1B).

3.43 Day 28. There was now moderate to severe synovitis present throughout
the joint with a varying degree of hyperemia and villous hypertrophy in all dogs (Figure
3.2A). The fat pad consolidation and fibrin on the transected ends of the CrCL remained
relatively unchanged from day 14 in all dogs. The entire axial surface of the medial
meniscus remained visible without limb manipulation and the degree of fibrillation in that

region remained unchanged from day 14 in two of the dogs (A and B). The third dog (C)

A) B)

Figure 3.2. Day 28 post-CrCL transection arthroscopic view of the synovial membrane (A) and medial
femorotibial compartment (B) of dog C and A, respectively, demonstrating severe synovitis with villous
hypertrophy and hyperemia (A) and slight proximal and abaxial displacement of the cranial horn of the
medial meniscus (B) along with increased vascularity (arrows). MFC = Medial Femoral Condyle, MTP =
Medial Tibial Plateau, MM = Medial Meniscus.

had a slight tear on the axial surface of the medial meniscus that was on the caudal
portion of the fibrillated area identified on day 14. Associated with this tear was a thin
frond-like portion of the medial meniscus. The cranial horn of the medial meniscus
appeared to be more mobile in all of the dogs, being slightly abaxially and proximally
displaced with neovascularization present near the junction of the cranial meniscotibial
ligament. (Figure 3.2B). A mild amount of articular cartilage fibrillation was present on

the weight bearing portion of the medial femoral condyle of two dogs (A and C). One

78

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



dog (A) also had a mild amount of articular cartilage fibrillation on the axial, non weight
bearing portion of the lateral femoral condyle. The degree of fibrillation of the proximal

lateral intercondylar eminence of the tibia in dog B was unchanged.

3.4.4 Day 70. There was a moderate amount of wear debris in the synovial
fluid in the presence of a mild to moderate degree of synovitis in all dogs. The size of the
fat pad increased and appeared more consolidated with a hematoma in one dog (C),
remained unchanged in another (A), and decreased in the third (B). In all of the dogs, the
transected ends of the CrCL have atrophied and the amount of fibrin appeared to be less
and more organized. In one dog (C), there were numerous fibrous tags in the
intercondylar region, adhering to the caudal cruciate ligament. The entire axial surface of
the medial meniscus was still observed in all dogs without limb manipulation. The
fibrillation of the medial meniscus remained unchanged in one dog (B), but progressed to
a small transverse tear in another (A). In the third dog (C), a longitudinal tear of the
caudal horn was now present, with this portion of the caudal horn protruding cranially
underneath the medial femoral condyle (Figure 3.3A). The cranial horn of the medial
meniscus was still slightly displaced both proximally and abaxially in all dogs with
increased vascularity at the junction of the cranial meniscotibial ligament. The mild
degree of articular cartilage fibrillation on the weight-bearing surface of the medial
femoral condyle and axial non weight-bearing surface of the lateral femoral condyle was
unchanged in two dogs (A and C), and started to appear in the third (B). A moderate
degree of articular cartilage fibrillation on the proximal cranial medial tibial plateau
(Figure 3.3B) developed in two of the dogs (A and C) and all dogs had moderate

fibrillation on the lateral intercondylar eminence of the tibia.
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A) B)

Figure 3.3. Day 70 post-CrCL transection arthroscopic view of the medial femorotibial compartment (A
and B) of dog C and A, respectively, demonstrating a large bucket handle tear of the caudal horn of the
medial meniscus (CaMM) protruding cranially (small arrows) between the medial femoral condyle (MFC)
and the medial tibial plateau (MTP) (A), and a moderate degree of articular cartilage fibrillation (large
arrows) on the medial tibial plateau (B). CrMM = Cranial horn of the medial meniscus, MM = Medial
Meniscus.

3.4.5 Day 126. There was still a moderate amount of wear debris present in the
synovial fluid in the presence of a mild synovitis in all dogs. A moderate amount of
fibrous tissue was present throughout the entire joint in all of the dogs, with two of the
dogs (A and C) forming mature fibrous adhesions in the intercondylar region (Figure
3.4A). The transected ends of the CrCL were further atrophied in all dogs and covered
by mature fibrous tissue. In two of the dogs (A and B), the entire axial surface of the
medial meniscus was observed without limb manipulation, with the small cranial axial
tear remaining unchanged in one dog (A), while a small transverse tear in the previously
fibrillated cranial axial portion appeared in the other dog (B). In the third dog (C), the
medial meniscal tear progressed into a large bucket handle tear of the caudal horn that
was traced back to the caudal meniscotibial ligamentous attachment. The torn caudal
horn was displaced cranially, and the cranial horn was no longer visible, indicating

rupture or stretching of the cranial meniscotibial ligament with major abaxial and caudal
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displacement of the cranial horn of the medial meniscus (Figure 3.4B). In the other two

A) B)

Figure 3.4. Day 126 post-CrCL transection arthroscopic view of the intercondylar region (A) and medial
femorotibial compartment (B) of dog C demonstrating a large fibrous adhesion (Ad) and an osteophyte
(arrow) on the lateral intercondylar eminence (LIE) (A), and rupture/stretching of the cranial menisctibial
ligament (CrMTL) of the medial meniscus so that the cranial horn of the medial meniscus is no longer
visible on the cranial aspect of the medial tibial plateau (MTP) (B). The bucket handle tear of the caudal
horn of the medial meniscus (CaMM) is still protruding cranially (small arrows), and complete articular
cartilage erosion is present (large arrows) on the cranial medial tibial plateau where the cranial horn usually

sits (B).

dogs (A and B), the cranial horn of the medial meniscus was moderately (B) to severely
(A) displaced abaxially and caudally, with a moderate amount of fibrin in the location of
the cranial meniscotibial ligament. There was a moderate degree of articular cartilage
fibrillation present on the weight bearing surface of the medial femoral condyle, proximal
cranial medial tibial plateau, and the lateral intercondylar eminence of 2 dogs (A and B).
All dogs also had mild articular cartilage fibrillation on the non weight-bearing surface of
the lateral femoral condyle. In the dog with the bucket handle tear (C), there was severe
articular cartilage erosion on the proximal medial tibia where the cranial horn used to sit,

as well as on the cranial proximal aspect of the lateral tibia.

Gross examination of all of the dogs’ joints demonstrated a moderate to severe
amount of fibrous tissue surrounding the joint capsule. Complete CrCL transection was

verified in all dogs and the transected ends had atrophied toward each respective bony
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attachment by about 1/3 of its transected length. There was a moderate to severe amount
of fibrous tissue present in the intercondylar fossa, surrounding the two transected CrCL
ends, with fibrous adhesions in two dogs (A and C). A minimal to moderate amount and
size of osteophytes were present along the femoral trochlear ridges, the proximal borders
of the tibial plateau, and/or the distal patella in 2/3 dogs (A and C). A moderate amount
of osteophytosis was present in the femoral intercondylar region in 2/3 dogs (A and C),
combined with a mild to moderate amount of bony resorption.

The lateral menisci appeared grossly normal in all dogs, but 2/3 dogs (A and B)
had thinning and an irregular surface/small tear on the cranial axial surface of the medial
meniscus. The third dog (C) had a large bucket handle tear of the caudal horn of the
medial meniscus that extended from the caudal meniscotibial ligament to just beyond the

middle of the axial meniscus (Figure 3.5A). The width of the tear was approximately

A) B)

Figure 3.5. Gross appearance at day 126 post-CrCL transection of the medial meniscus of dog C after
disarticulation of the stifle (A), and of the articular cartilage of the tibia after further removal of the menisci
(B). A large bucket handle tear of the caudal horn of the medial meniscus (small arrow), as well as a mature
fibrous adhesion (large arrow) was observed in the typical location of the cranial meniscotibial ligament of
the medial meniscus (A). Full-thickness erosion of the articular cartilage (arrows) was observed on the
cranial aspect of the medial tibial plateau where the cranial horn of the medial meniscus was located (B).
M = Medial, L= Lateral, Cr = Cranial, Ca = Caudal
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50% of the normal meniscal width in the caudal horn, with a moderate amount of fibrous
tissue present along the entire periphery of the medial meniscus. The cranial aspect of
the medial meniscus was intimately embedded within this fibrous tissue and was
displaced proximally off of the tibial plateau. There was a mature fibrous adhesion in the
typical location of the cranial meniscotibial ligament, but no ligamentous tissue could be
identified (Figure 3.5A). In the other 2 dogs (A and B), only about % of the cranial
meniscotibial ligament of the medial meniscus was intact with a moderate amount of
fibrous tissue at its junction with the medial meniscus. There was a mild degree of gross
articular cartilage fibrillation present on the proximal medial and lateral surfaces of the
tibial plateaus not protected by the menisci in one dog (B), that was moderate (A) to
severe (C) in the other two dogs, with damage extending to the lateral intercondylar
eminence. In dog C, severe erosion of the articular cartilage was present on the cranial
proximal medial tibia where the cranial horn of the medial meniscus normally sits (Figure
3.5B). Mild articular cartilage fibrillation and linear score lines were present on the
weight-bearing surface of the medial and lateral femoral condyles of all dogs.
3.5  Discussion

Arthroscopy has b een identified as a valuable tool for i dentifying ¢ hanges t hat
occur within the joint during the development of OA, especially to the articular cartilage,
ligaments or menisci'’*'"’. Few studies have looked at the serial use of arthroscopy in an
experimental setting. Siemering, over 1 year, serially examined the stifles of 4 dogs that
underwent a variety of experimental transections, including CrCL transection, and

157
f

reported no adverse effects from the arthroscopic procedure itself’”'. Arthroscopy is

considered a minimally invasive technique that causes much less trauma and
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17217 The major negative aspect of the

inflammation of the joint than an arthrotomy
arthroscopic procedure identified in our study was iatrogenic damage to the articular
cartilage. M ost o fthe linear score lines and some o f the fibrillation on the axial non
weight bearing surface of the lateral femoral condyle or the weight bearing portion of the
medial femoral condyle noted in this report Were presumed to be iatrogenically created
by insertion of the blunt trochar and arthroscopic sleeve through an increasingly
thickened joint capsule.

In this study, arthroscopy was identified as a sensitive method to detect early,
subtle changes occurring in the joint such as early identification of articular cartilage
fibrillation that would be difficult to identify grossly or by routine imaging. Fibrillation
occurs when there has been damage to the collagen network of the articular cartilage™*,
that is thought to be irreversible, and will rapidly progress if the joint environment is not
biomechanically stabilized. It has been reported that collagen in the superficial zone of
cartilage becomes thinner and more widely spaced so that fibrillation can occur within
the first week after CrCL rupture'°**>>?° The earliest fibrillation noted in this study was
present at 2 weeks in dog B on the lateral surface of the intercondylar eminence of the
tibia. This was an unexpected location since it is not a true weight bearing area of the
tibia. It is logical to assume that this damage is a direct result of the instability, but it
could be due to the difference in stiffness of the subchondral bone'’2. For this to have
occurred in our study, one would have to assume that underlying differences in the
subchondral bone would be present by 2 weeks which were not evident radiographically.
Once fibnillation was present, the damage in that location either maintained itself or

progressed (Table 3.1). Innes and Barr demonstrated, through a series of naturally
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occurring CrCL ruptures, that cartilage fibrillation scores positively correlated with
disease duration'*, further suggesting that this damage is associated with the period of
instability. The early evidence of articular cartilage fibrillation in the current study is
important clinically, because it demonstrates that cartilage damage will likely be present
in most dogs prior to joint stabilization as it is currently performed.

Meniscal injury is a common sequelae of the instability created after cruciate
ligament rupture'*'**. Tt has been reported that 48-80% of dogs that ruptured their CrCL
will sustain meniscal damage, usually to the medial meniscus'*'**'*”'>>. The high rate of
meniscal injuries reported may be due to the chronicity of CrCL injuries seen at referral
centers'*. The types of meniscal injuries sustained have been previously defined for the

14,149

dog ™™, as well as possible reasons for the higher rate o f medial compared to 1ateral

meniscal injury'®. Most of the injuries occur to the axial surface of the caudal horn'*'¥
such that folding of the damaged caudal horn flips cranially and becomes impinged

14 :
10,149 " as occurred in

between the medial femoral condyle and the proximal medial tibia
dog C in our study.

This meniscal damage can occur either at the same time as the insult that resulted
in the cruciate rupture, or more likely occurs secondary to the instability of the joint'**"15*,
Siemering reported arthroscopic evidence of damage as early as two weeks post-
transection'”’, demonstrating that serial arthroscopic exams have the ability to identify
early meniscal changes as well as the overall temporal nature of this injury. In the
current study, initial medial meniscal damage started as fibrillation on the axial surface

two weeks after CrCL transection. By day 28, the medial meniscus in dog C sustained a

small transverse tear at the caudal extent of the initial fibrillation. This then transitioned
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into a longitudinal tear by day 70 and worsened by day 126. Interestingly, this same
damage was present by day 14 in the other 2 dogs, but it progressed minimally after that.
This suggests that damage to the meniscus is set up by day 14, and other factors such as
muscular function, and joint instability play a role in the extent of further damage. One
of these factors may be dependent on the amount of injury sustained to the cranial
meniscotibial ligament of the medial meniscus.

The cranial meniscotibial ligament of the medial meniscus attaches the cranial
horn to the proximal aspect of the cranial intercondylar area of the tibia just cranial to the

1014 The meniscotibial

lateral edges of the CrCL and the intermeniscal ligament
ligaments play a vital role by providing secure fixation of the cranial and caudal horns of
the menisci allowing the body of the meniscus to withstand circumferential hoop stress

257,258

applied d uring w eight-bearing . The circumferential hoop stress is produced in an

attempt to counteract abaxial extrusion of the menisci as a result of an applied load so
that forces are transmitted evenly throughout the meniscus and across the joint®’,
Presumably then, if damage occurs to one of the cranial meniscotibial ligaments, an
increased amount of force would be placed on the body of the meniscus leading to failure
of the fibers and eventual tearing'®.

All three dogs of this study had arthroscopic evidence of proximal, abaxial, and
caudal displacement of the cranial horn of the medial meniscus, associated with increased
vascularity at the junction of the craniomedial meniscotibial ligament as early as day 14.
This increased vascularity was likely in response to injury being sustained by the

meniscotibial ligament, and o ften b ecame more pronounced o ver time, suggesting t hat

stretching or tearing of the ligament had occurred. To the authors’ knowledge, this has
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not been previously reported. Thé authors theorize that damage to the cranial medial
meniscotibial ligament may be sustained after CrCL transection/rupture due to the cranial
tibial thrust which causes a small amount of repetitive hyperextension'*’. This repetitive
hyperextension would likely cause the cranial medial meniscotibial ligament to be
wedged between the cranial aspect of the proximal tibia and the transition area between
the medial trochlear ridge and femoral condyle. This repetitive trauma combined with
the relative immobility of the medial meniscus is likely to traumatize this ligament over
time causing it to stretch initially, and then eventually rupture, if the joint remains
unstable. This relationship to the degree of instability of the joint could be demonstrated
in our study by the differences seen between dog C and dogs A and B. Dogs A and B
experienced only mild to moderate stretching/tearing of this ligament, respectively, and
they became inherently more sound on their CrCL deficient limb sooner than dog C who
sustained complete rupture of the meniscotibial ligament. Each dog may respond
differently, depending upon the insertional anatomic variation that may exist in the
cranial meniscotibial ligament, especially if the attachment is to either the cruciate
ligament or the intermeniscal ligament, as described in humans>?%.

This also suggests that the degree of tearing or stretching of the cranial
meniscotibial ligament may either contribute to, or be a result of the amount of damage
sustained by the remainder of the meniscus. Evidence of this is supported by the fact that
dog C had the most severe tearing/rupture of this ligament and also the most meniscal
damage. When the cranial meniscotibial ligament ruptures, presumably the
circumferential fibers would likely not be able to withstand the forces applied to the

meniscus®’. The mobility of the entire meniscus would likely increase, with the cranial
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horn moving much more than the caudal horn, causing the axial portion to get stretched.
This would conceivably make it easier for the caudal horn to exceed the mechanical
capabilities of the radial and circumferential fibers of the caudal pole, resulting in its
subsequent tearing and allowing it to become impinged between the medial femoral
condyle and the medial tibial plateau. In addition, the increased mobility of the cranial
horn of the medial meniscus can lead to the mechanical damage that is often identified on
the articular c artilage of the cramal aspect of the tibial plateau where the cranial horn

149

used to sit (Figure 3.5B) ™, as well as on the femur at the junction between the trochlear

ridges and the medial femoral condyles'* 249,

Clinical evidence of this tearing of the cranial medial meniscotibial ligament may
be difficult to identify at the time of stabilization of CrCL deficient stifles due to
chronicity of the injury. Often the area of the cranial medial meniscotibial ligament is
covered in thick fibrous tissue, which is likely the secondary response of the joint to
repair this ligament as well as stabilize the joint. Nevertheless, it can be difficult to
distinguish this fibrous reaction from the actual ligament itself. Therefore, it would be
difficult to diagnose this injury later in the disease process when most clinically affected
joints are operated. There is also the potential that this is an injury that only occurs in the
experimental transection and not in the clinical situation, although injury sustained due to
instability would presumably be the same. To definitely identify and characterize this
injury, further serial arthroscopic studies would need to be performed on a larger group of

experimentally transected CrCL joints, or in the acute stages of naturally-occurring CrCL

rupture. The clinical significance of this injury requires further investigation.
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Mechanical instability of a joint, causes the synovial membrane to become
inflamed along with a fibrinous and subsequent fibrous reaction of the joint capsule. The
inflammatory reaction is presumed to occur in the acute stages of the injury process and
then decline over time as the joint becomes more stable due to the fibrous and bony
response to the instability. The severity of inflammation identified in this study was
based on the morphologic changes that occurred in the synovium which were mild at day
14, and then peaked in severity by day 28. It then decreased, despite the increase in joint
debris, but was not completely eliminated by day 126 (Table 3.1). The temporal synovial
membrane response identified in this study is most likely a multifactorial process, that
results in blockage of the lymphatics and sluggish venous drainage, and upregulation and
activation of enzymes that would degrade the articular cartilage’’. This would suggest
that early stabilization may be of benefit in decreasing the amount of damage that would
ensue from the instability and inflammation. However, it is important to note that since
we are examining these joints only at certain defined time points, there could very well be
other peaks of inflammation that were missed. The continuation of a low grade
inflammatory process, in the face of increased stability by day 70 and 126, is likely due to
the increased amount of particulate wear debris present within the joint, as this has been
shown to cause inflammation®®’.

The fibrinous and subsequent fibrous reaction of the joint after CrCL transection
noted in this study was quite pronounced. Much of the initial fibrinous reaction occurred
in the intercondylar region of the femur where the atrophied ends of the cruciate
ligaments were covered with fibrin. Over time, this became more organized as the

transected ends atrophied toward their respective bony attachment. The formation of
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multiple fibrous adhesions are likely the inherent response of the joint to stabilize itself,
or could simply be due to the joint instability/pathology. The joint capsule became
increasingly more fibrotic in all of these dogs throughout the study. This capsular
reaction is likely a generalized reaction of the joint to the instability since it has been
shown that in clinical cases of CrCL rupture, the degree of periarticular thickening was
significantly associated with tearing of the CrCL'*, indicating that instability plays an
important role.

The results of this study are a direct result of experimental transection of the
CrCL, which is more representative of the acute traumatic rupture than the chronically
injured CrCL that structurally and functionally deteriorates over time’. Therefore,
presumably, many of the same temporal changes that were found in the current study can
be extrapolated to the clinical situation of acute rupture. The CrCL transection model of
OA produces changes that are quite variable between dogs. This makes it difficult to say
that certain pathology will occur in every dog, but even as this small group of dogs
demonstrated, there are general trends in certain locations and types of injury that occur
following CrCL transection. To more definitively document the early intra-articular
changes that occur after CrCL transection, a larger group of dogs should be studied. The
femoropatellar region was not examined in this study because it was deemed that
articular cartilage damage present on the weight-bearing surfaces of the femorotibial
joints would be more clinically relevant than changes to the patella. In addition,
histology would allow better identification of the severity of lesions with regard to depth
and extent of lesion that was created in the articular cartilage, menisci and meniscal

ligaments, but this was not performed for any of these dogs.
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In conclusion, this study allowed temporal identification of the damage sustained
to the synovium, articular cartilage, meniscal, and meniscotibial ligament after CrCL
transection. Articular cartilage and medial meniscal damage started as early as 2 weeks
after CrCL transection, and generally progressed from there. Stretching or rupture of the
cranial meniscotibial ligament of the medial meniscus was identified to a variable degree
in all three dogs, and the clinical importance of this injury still needs to be defined. The
degree of synovitis peaked at one month after CrCL transection and then decreased over
time but never completely subsided. Overall, this study demonstrated that clinically
relevant osteoarthritic changes start to occur as early as 2 weeks after CrCL transection

and will likely progress when the joint is not stabilized.
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41  Summary

Objective. To determine whether decreases in the peak vertical force of a cranial cruciate
ligament (CrCL) deficient limb in the dog would be suggestive of meniscal injury when
compared to gross meniscal damage.

Methods.  Thirty-nine purpose-bred adult male Walker Hounds had the right CrCL
arthroscopically transected and force plate measurements of the right hind limb were
performed prior to, and then 2, 4, 10, and 18 weeks after transection. Only those dogs
with > 10% decrease in peak vertical force were considered to have potential meniscal
injury. Based on this dividing point, dogs that did not have > 10% decrease in peak
vertical force at any point between successive measurements after week 2 were placed
into group 1, which represented the “typical” response of most dogs after CrCL
transection. The remainder of the groups (2-4) were defined based on when the > 10%
decrease in peak vertical force was measured. Group 2 had > 10% decrease in peak
vertical force from week 2 to week 4, and groups 3 and 4 had > 10% decrease in peak
vertical force from week 4 to week 10 and week 10 to week 18, respectively. The
menisci and articular cartilage of all of the CrCL transected limbs were graded for
damage at week 18 and the grades for groups 2-4 were compared to group 1.

Results.  Group 1 was comprised of 27/39 (69%) dogs, and groups 2-4 had 4 dogs in
each group (12/39, 31%). The percent change in peak forces and impulses (vertical and
propulsion) were significantly lower in groups 2-4 at each respective measurement period
(weeks 2, 4, 10, and 18) compared to group 1. The meniscal grade for groups 2-4 was

significantly higher (p=0.0035) than for group 1, indicating significantly more damage.
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Conclusion. In the CrCL deficient dog, force plate analysis can identify an acute
exacerbation in lameness which may be due to secondary meniscal injury, providing a
non-invasive way to delineate the temporal pattern of meniscal injury.
4.2  Introduction

Force plate analysis has been used as a research tool in dogs to objectively

192,193,196-202,262-267 - 1t allows for description of the

measure normal and abnormal forces
peak forces and impulses (total force applied over time) applied in a vertical,
craniocaudal (braking and propulsion), and mediolateral directions. Many canine
orthopaedic studies have included analysis of these ground reaction forces to objectively
determine the normal forces applied for different gait cycles at varying

Velocitiesl92,193,196,197,262—266

. In addition, force plate analysis has measured the abnormal
forces that result from insult to the appendicular skeleton, as well as the response of the
limb to various surgical techniques or medical therapies used to treat the joint
impairm ent!98-202.267

Cranial cruciate ligament (CrCL) transection in dogs has been an accepted
experimental model of osteoarthritis (OA) resulting in changes typical of the early stages
of OA in both humans and dogs®®. Transection of the CrCL in the dog causes lameness
due to the instability and inflammation that is created and ultimately results in damage to
all o fthe intra-articular structures, including the sy novium, m enisci, articular c artilage
and subchondral bone’®'%"**_ Force plate analysis has been used to document changes in
the ground reaction forces that occur as a result of CrCL rupture/transection compared to

preoperative values'** 22, These studies have shown that after CrCL rupture/transection,

the mean peak vertical, braking and propulsion forces and respective impulses decreased
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dramatically within the first few weeks after insult, but then slowly improved over time.
Certain surgical techniques have been shown to improve this kinetic data in the early
period, suggesting that the force plate is a sensitive tool for identification of subtle
differences that can occur over time'®”.

Medial meniscal damage is a common sequela to CrCL rupture/transection in the

14,145

dog It is believed to occur secondary to the unrestrained cranial tibial thrust that

" The types and locations of

creates cranial tibial translation with respect to the femur'
meniscal injuries have been well described in the dog'™'*, but the exact timing of
meniscal tearing after CrCL rupture/transection is unknown. It has been suggested that
meniscal damage could occur simultaneously with CrCL rupture, but more than likely
occurs secondary to abnormal biomechanical loading due to CrCL insufficiency'*’. Ttisa
common clinical impression that CrCL deficient dogs that have sustained meniscal injury
will be more lame than those dogs that have CrCL deficiency alone'®'**'*>!3!  This
could be in the early period after CrCL rupture, especially if meniscal damage occurred at
the same time. However, it is usually suspected in the dog that was acutely lame in the
first few weeks and then started to improve, only to suffer a worsening in the lameness in
the first couple of months after rupture/transection. Presumably, this worsened lameness
due to meniscal damage should be detectable using the ground reaction forces generated
from force plate analysis. To the authors’ knowledge, comparison of objective analysis
of lameness with meniscal damage after CrCL rupture/transection has not been
previously reported.

The purpose of this study was to evaluate the ground reaction forces of dogs

following CrCL transection and compare the decrease in peak vertical force of a cranial

95

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



cruciate deficient limb to the actual degree of meniscal injury at the end of the study. Our
hypothesis was that dogs that sustained substantial meniscal injury (grade 3/3) would
have a > 10% decrease in the peak vertical force between successive measurement
periods from 2 to 18 weeks after CrCL transection.

4.3  Materials and methods

The study was conducted under a protocol approved by the Colorado State
University Animal Care and Use Committee. Dogs were obtained through approved
sources by the Colorado State University Laboratory Animal Resources. The opportunity
to study the effect of meniscal injury on the ground reaction forces developed as an
adjunct to a study examining a novel therapeutic agent.

4.3.1 Animals and experimental protocol. Thirty-nine purpose-bred adult
male Walker Hounds with a mean + SD weight of 22.40 + 2.69 kg (range, 16.8 —29.5 kg)
were studied. Upon arrival, dogs were given routine physical and hematologic
examinations. Orthopedic examination included a separate lameness and physical
examination of both hind limbs as well as radiographs of both stifles. In anticipation of
gait analyses, each dog was acclimated for several weeks to the force platform analysis
laboratory and were led by a leash at a trot across the force plate prior to inclusion.
Selection and subsequent inclusion required the dogs to be free of pre-existing orthopedic
disease of the stifles based on orthopedic examination and radiographs. In addition, the
dogs had to be able to adequately trot across the force plate with minimal effort or
coaxing from the handler.

All dogs were anesthetized, and the right hind limb was prepared for aseptic

surgery. A lateral parapatellar arthroscopic approach to the right stifle was used to
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examine the joint for the presence of any intra-articular pathology of the articular
cartilage, cruciate ligaments and menisci. The CrCL was then transected arthroscopically
using a meniscectomy blade (Chapter 2). Analgesia was administered via a 5 mg
fentanyl patch (2.0 pg/kg/hr) that was applied the day before surgery and was maintained
for 72 hours post-operatively.  Morphine (1 mg/kg subcutaneously) was also
administered post-operatively for pain, as needed. Cephalexin (Keflex) was administered
intravenously during surgery and was continued orally (10 mg/kg) every 12 hours for 3
days to prevent infection. Throughout the study, all dogs were housed in individual runs.
The animals were closely monitored during the first 48 hours post-operatively for any
signs of pain, infection, anorexia, or intestinal complications. To encourage the
development of OA, dogs were placed in an exercise protocol that required leash walking
for 30 minutes every day for 5 days/week from the second day post-operatively until
sacrifice at 18 weeks. All dogs were euthanized with sodium pentobarbital euthanasia
solution (88 mg/kg) via intravenous injection at 18 weeks post-operatively and both
stifles were disarticulated and examined grossly.

4.3.2 Gross pathology scores. Pathological grading of the menisci and
articular cartilage was performed blindly by a board-certified pathologist (AMB).
Meniscal degeneration was graded on a scale from 0-3 with 0 = no lesion, 1 = mild
fraying or incomplete t ears with or without significant fibrous r eplacement/repair, 2 =
moderate fraying or tearing (longitudinal surface or small transverse tears) with or
without significant fibrous replacement/repair, 3 = severe fraying or tearing (such as
penetrating longitudinal tears — bucket handle) without significant effective fibrous

replacement/repair (Figure 4.1). Cartilage damage was graded on a scale from 0-4 with 0
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Grade 1 Grade 2 Grade 3

Figure 4.1. Gross appearance of the menisci after disarticulation of the stifle for each representative grade of medial meniscal damage (1-3). Medial and
lateral are laballed accordingly. Grade 1 meniscal degeneration was defined as mild fraying or incomplete tears with or without significant fibrous
replacement/repair. Grade 2 was defined as moderate fraying of tearing (longitudinal surface of small transverse tears) with or without significant fibrous
replacement/repair. Grade 3 was defined as severe fraying of tearing (such as penetrating longitudinal tears — bucket handle) without significant effective
fibrous revlacement/repair.




= normal, 1 = minimal superficial fibrillation, 2 = mild to moderate fibrillation
presumably into the upper middle zone, 3 = mild to moderate fibrillation and/or loss of
cartilage extending to the middle zone, and 4 = severe cartilage loss extending to the deep
zone or subchondral bone. A total subjective cartilage severity score was calculated by
summing the cartilage damage scores on the medial and lateral tibia plateaus as well as
on the medial and lateral femoral condyles (maximum score of 16).

4.3.3 Force plate evaluation. The force plate (Model ORS6-5, Advanced
Mechanical T echnologies Inc., Newton, M A) w as mounted in the center o f, and level
with, the surface of a 15-m runway. The signal from the force plate was processed and
stored by use of computer software programs (IBM 486Dx, IBM Co., Boca-Raton, FL.
and Acquire, Version 6.3W, Sharon Software Inc., Dewitt, MI). As each dog was trotted
over the force plate, velocity was recorded by use of 2 photoelectric cells, placed 2 m
apart, and a start-interrupt timer system. Care was taken to ensure that the dog triggered
the photoelectric cells and that a constant speed was maintained across the force plate
during each trial. Dogs were trotted across the force plate by one handler prior to having
the CrCL transected (baseline), and then again at 2, 4, 10, and 18 weeks post transection.
An evaluation was considered valid if the dog struck the plate with its right forelimb
followed by its right hind limb at a velocity between 1.45 and 2.05 m/s with less than
10% acceleration/deceleration. If a dog was distracted during an evaluation, or any other
paw or combination of limbs struck the force plate, then the data was considered invalid.
Due to the severity of lameness present in some dogs, each dog was trotted across the
force plate a maximum of 75 times per trial session, and the first five acceptable trals

were collected per dog, per session. If the dog did not have five acceptable trials, then
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that number of acceptable trials was used in the analysis. If the dog was completely non-
weight bearing on the right hind limb, then the value entered for each trial was zero. All
trials were recorded and archived on digital video. Peak vertical, braking and propulsion
forces and each respective impulse were recorded for each limb at 1-millisecond intervals
for 650 milliseconds after foot strike. All forces were normalized to the dog’s body
weight at each measurement period.

4.3.4 Calculations and g roupings. The acceptable trials for each dog were
averaged for each ground reaction force for all force plate sessions (baseline, weeks 2, 4,
10, and 18). In order to evaluate periodic worsening in the lameness that might be
associated with meniscal injury, these values were used to calculate the percent change in
each ground reaction force and impulse (vertical, braking and propulsion) from one force
plate session to another (baseline to week 2, week 2 to week 4, etc.). This percent change
was calculated by subtracting the value for the initial measurement period from the
subsequent measurement period, and this total was divided by the subsequent
measurement period, and multiplied by 100. To be able to complete this calculation for
those dogs that were non weight-bearing, all dogs had a value of 1 added to the peak
vertical force and impulse, 0.1 to the braking and propulsion forces, and 0.001 to the
braking and propulsion impulses to eliminate O from the calculations. A sample
calculation for a positive percent change from week 2 to week 4 was determined using
the described formula: [(week 4-week 2)/week 4]x100, such that [(30.78-
23.17)/30.78]x100 = 25% increase from week 2 to week 4. An example of a negative
percent change is [(26.26-31.78)/26.26]x100 = -21% decrease from week 2 to week 4.

An increase in the percentage indicated that the dog was placing more weight on the limb
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and becoming more sound, whereas a decrease indicated a worsening of the lameness.
All dogs demonstrated a large decrease from preoperative values (baseline) to the two
week mark after transection that has been reported to be due to the increased

198-202

instability . Meniscal injury most likely occurs when there is a period of increased

10143195151 Therefore, only those dogs in

lameness in the chronic CrCL deficient dog
this study that had > 10% decrease in the peak vertical force from week 2 to week 18
were considered to have sustained recent meniscal injuries. The percent change
throughout this manuscript will be described according to the subsequent measurement
period since the meniscal damage could have occurred anytime between the two
measurement periods. Therefore, using the example above, the percent change from
week 2 to week 4 will be listed under week 4 since this is when the decrease was
measured.

For further analysis, peak vertical force was used to group the dogs. Dogs were
grouped according to if and when they had a > 10 % decrease in peak vertical force
between two consecutive force plate sessions after week 2. Group 1 was defined as those
dogs that had an increase or < 10% decrease in peak vertical force from week 2 through
toweek 18. T his group seems to represent the “typical” response o f most d ogs a fter
CrCL transection/rupture’ 2?2, Group 2 was defined as those dogs that had > 10%
decrease in peak vertical force from week 2 to week 4. Groups 3 and 4 were defined as
those dogs that had > 10% decrease in peak vertical force from week 4 to week 10 and

week 10 to week 18, respectively. Table 4.1 demonstrates the percent change calculated

for each grouping and ground reaction force.
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4.3.5 Statistical analysis. The percent change in the mean values for the peak
vertical, braking, and propulsion forces, as well as the corresponding impulses were used
as the dependent variables in a mixed model ANOVA. The four groups were used as a
fixed effect class variable over subsets of time, allowing examination of the differences in
each respective ground reaction force between each group, at each measurement period
(weeks 2, 4, 10, and 18). Tukey’s pairwise comparison was also performed to distinguish
differences between each group at the given force plate measurement period. All of the
ground reaction forces were normally distributed based on the Kolmogorov-Smirnov test.
Descriptive statistics were reported for the meniscal grades and subjective gross cartilage
severity scores. The meniscal grades were not normally distributed. Two tail t-tests were
used to examine differences between the groups for the meniscal and cartilage scores,
respectively, and a Spearman rank correlation was performed to compare the meniscal
grade to the cartilage severity scores. A value of P<0.05 was considered significant.

4.4  Results

4.4.1 Peak vertical force. Graphic and tabular representation of the changes in
peak vertical force for each group are represented in Figure 4.2. There were 27/39 (69%)
dogs that were placed into group 1, by having an increase or < 10% decrease in the peak
vertical force between two successive measurements from week 2 through week 18
(Figure 4.2). All of the dogs in group 1 had a large decrease in peak vertical force at
week 2 from preoperative values at baseline, which then increased at each subsequent
measurement period throughout the remainder of the study (Table 4.1). The remaining 12
(31%) dogs had a > 10% decrease in the peak vertical force between two successive

measurements at some stage after week 2. Groups 2-4 were each comprised of 4 dogs
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2(A) (n=4) 5720+4.77 31.78 £ 2.90 26.26 = 1.89 3420311 41542212
3(0)  (n=4) 56.12+ 6.35 19.80 + 1.87 3512+ 1.81 23.83+£2.49 39.75+3.58
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Figure 4.2: Graphical and tabular representation of the mean (+ SD) peak vertical force of each
group (1, 2, 3, and 4) for each measurement period (0, 2, 4, 10, and 18). Decreases in the peak
vertical force from one measurement period to the next are highlighted in bold in the table. Each
decrease in peak vertical force was > 10% of the previous measurement period. Notice that all dogs
had a large decrease at week 2. Group 1 (e) then increased throughout the remainder of the study.
This is the typical response after CrCL rupture. Group 2 (A) continued to decrease at week 4 and
then increased. Group 3 (0) increased at week 4, but then decreased at week 10 before increasing at
week 18. Group 4 (o) increased from week 2 to week 10, and then decreased at week 18.
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Table 4.1. The mean (£ SD) calculated percent change for each ground reaction force for each group of dogs
(groups 1, 2, 3, and 4) for each respective measurement period (2, 4, 10, and 18), such that week 2 represents the
percent change from the measurement at week 2 compared to baseline. Negative values are highlighted in bold
representing the percentage in which the ground reaction force decreased from the previous measured value.

Time (weeks)
Ground Reaction Group 2 4 10 18
Peak Vertical 1 -804 + 1885 24 £ 26 19+ 12 17 £20
2 -88 + 51 21+13 23+9 16+15
3 -1881 + 3580 40 + 39 =772 £ 1510 43 £ 37
4 -138 £ 22 20+ 13 19+ 13 -39 + 21
Vertical Impulse 1 -226 + 258 21+22 14+ 13 13+19
2 -104 £ 55 -27+20 31+ 10 12+17
3 -360 + 509 29 + 39 -113+£ 196 41 +30
4 -132 £ 38 14+18 16+15 37+ 18
Peak Propulsion 1 -1170 £ 3130 19+£32 1917 16+£23
2 =76 + 67 -33+£22 16 +33 20£29
3 -2857 + 5674 15+74 -1514 + 2977 30+ 47
4 -109 £ 90 21+19 18+ 16 -60 + 34
Propulsion Impulse 1 -10914 + 32136 18+ 37 2121 10+ 28
2 -76 £75 -38 +£32 20 +43 1137
3 -27327 + 54449 41 +45 -14777 £ 29482 34+ 50
4 -113 + 190 2+51 14 £23 -62 + 64
Peak Braking 1 ~739 + 1328 -1+120 -15+ 85 17 £ 44
2 -985 + 1793 25+ 59 -329 + 485 1£12
3 -2309 + 4288 -147 £ 262 -63 + 107 -14 £ 88
4 -1000 + 1162 41 + 34 13+ 84 =72+ 163
Braking Impulse 1 -3007 + 5834 -12 £ 168 =77 £ 260 20 + 59
2 -4409 + 8264 14 + 124 -1121 + 1929 -14 £ 75
3 -8600 + 16002 -1720 + 2656 21 +49 17 + 56
4 -3591 =+ 4941 10+ 65 -44 £ 179 14+ 71
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(Figure 4.2). By definition, group 2 dogs had an additional > 10% decrease in the peak
vertical force from force plate measurements taken at week 4 compared to week 2 (Table
4.1). Group 3 dogs had an additional > 10% decrease in the peak vertical force at the
week 10 measurement period compared to week 4, and group 4 dogs had a decrease in
peak vertical force at week 18 compared to week 10 (Table 4.1). Table 4.2 contains the
pairwise comparisons (Tukey’s) of the percent change in ground reaction forces for
groups 2, 3, and 4 versus group 1 for each measurement period. There was no statistical
difference between groups in the percent decrease at the week 2 measurement period for
any of the ground reaction forces. However, the percent change in peak vertical forces in
group 2 at week 4 was significantly lower (p=0.0021) than that for group 1. At week 10
and week 18, the percent change in peak vertical force was significantly lower for group
3 (p=0.002 and 0.0304, respectively) than group 1, and the percent change in the peak
vertical force for group 4 was significantly lower than group 1 (p=0.0001) at week 18.
The mean + SD meniscal grade for the 12 dogs in groups 2-4 was 2.58 + 0.67,
(Table 4.3) which was significantly higher (p=0.0035) than for the 27 dogs in group 1
(1.56 + 0.89). When compared to all of the meniscal grades, these 12 dogs represented
8/14 (57%) grade 3, 3/7 (43%) grade 2, 1/17 (6%) grade 1, and 0/1 (0%) grade O lesions.
The mean + SD subjective gross cartilage severity score for the 4 dogs in group 2 (10.75
+ 3.30) was significantly higher (p=0.0082) than for the 27 dogs in group 1 (6.63 + 2.63).
However, when the cartilage severity score for the 12 dogs in groups 2-4 were combined,
(Table 4.3) the mean = SD score was only 8.67 + 3.28, which was significantly higher

(p=0.046) than group 1. There were no significant correlations between the
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Table 4.2: Tukey’s multiple pairwise comparisons of the percent change at each respective measurement
period (2, 4, 10, and 18) focusing on the comparison between groups 2, 3, and 4 to group 1 for each ground
reaction force. P values are shown for each comparison. The overall group significance for each ground
reaction force is underlined and italicized for each measurement period. Level of significance was set at
P<0.05 and significant differences are highlighted in bold only if there was an overall significant group effect.

Pairwise Comparisons Time (weeks)
2 4 10 18
Peak Vertical 0.0989 0.0001 0.0291 0.0001
Group 1 vs. 2 0.4941 0.0021 0.9864 0.9521
1vs.3 0.3058 0.2598 0.0020 0.0304
1vs. 4 0.5242 0.7903 0.9993 0.0001
Vertical Impulse 0.0003 0.0001 0.0051 0.0001
Group 1 vs. 2 0.4038 0.0005 0.5936 0.9593
1vs.3 0.3582 0.4834 0.0003 0.0117
1vs. 4 0.5177 0.5794 0.9614 0.0001
Peak Propulsion 0.1643 0.0247 0.0306 0.0001
Group 1vs.2 0.5236 0.0117 0.9959 0.7813
1vs.3 0.3270 0.8450 0.0023 0.3425
1vs. 4 0.5362 0.9082 0.9980 0.0001
Propulsion Impulse 02181 0.0156 0.0343 0.0046
Group 1 vs. 2 0.5309 0.0110 0.9998 0.9695
1vs. 3 0.3443 0.2818 0.0029 0.2176
1vs. 4 0.5323 0.4386 0.9987 0.0006
Peak Braking 0.0201 0.2524 0.0071 01717
Group 1vs. 2 0.8012 0.7171 0.0011 0.6377
1vs.3 0.1145 0.0439 0.5935 0.3776
1vs. 4 0.7896 0.5522 0.7533 0.0162
Braking Impulse 0.0302 0.0038 0.0168 0.4954
Group 1 vs. 2 0.7268 0.9514 0.0030 0.3158
1vs.3 0.1687 0.0003 0.7652 0.9258
1vs. 4 0.8841 0.9597 0.9181 0.8616
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Table 4.3: The mean (+ SD) meniscal grade (0-3) and corresponding total subjective gross cartilage
severity score for each group (1, 2, 3, and 4). The Spearman rank correlation between the meniscal grade
and cartilage severity score is listed for each group.

Group Meniscal Grade Cartilage Severity Score Spearman Rank
( Mean + SD) ( Mean + SD) Correlation

1 1.56 +0.89 6.63 £2.63 r=0.1628 (p=0.4172)

2 2.50+0.58 10.75+3.30 1=0.2357 (p=0.9167)

3 2.75+0.50 7.00 +3.74 r=0.7746 (p=0.3333)

4 2.50 + 1.00 825+2.22 r=7.38X10%° (p=0.2530)

meniscal grades and gross cartilage severity scores for any of the groups, or combination
of groups (Table 4.3).

4.4.2 Vertical impulse. Similar to the peak vertical force, the vertical impulse
for all dogs in group 1 decreased at week 2, but then increased at week 4, week 10, and
week 18 (Table 4.1). Group 2 dogs had a 27% average decrease in the vertical impulse
from force plate measurements taken at week 4 compared to week 2, whereas group 3
dogs had a 113% decrease at week 10 compared to week 4, and group 4 dogs had a 37%
decrease in vertical impulse at week 18 compared to week 10 (Table 4.1). There was no
statistical difference between groups in the percent decrease in vertical impulse at the
week 2 measurement period (Table 4.2). However, at week 4, group 2 had a significantly
lower percent change (p=0.0005) compared to group 1. At week 10 and week 18, group
3 had a significantly lower percent change (p=0.0003 and 0.0117, respectively) than
group 1, and the percent change in the vertical impulse for group 4 was significantly

lower than group 1 (p=0.0001) at week 18 (Table 4.2).
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4.4.3 Peak propulsion force. The changes in the peak propulsion force were
similar to the findings of peak vertical force, in that the percent change in peak
propulsion force for all dogs in group 1 decreased at week 2, but then increased at week
4, week 10, and week 18 (Table 4.1). Group 2 dogs had a 33% average decrease in the
peak propulsion force from force plate measurements taken at week 4 compared to week
2, whereas group 3 dogs had a 15-fold decrease at week 10 compared to week 4, and
group 4 dogs had a 60% decrease in peak propulsion force from week 18 compared to
week 10 (Table 4.1). There was no statistical difference between groups in the percent
decrease at the week 2 measurement period (Table 4.2). However, at week 4, group 2
had a significantly lower percent change (p=0.0117) compared to group 1. At week 10,
group 3 had a significantly lower percent change (p=0.0023) than group 1, and the
percent change in the vertical impulse for group 4 was significantly lower than group 1
(p=0.0001) at week 18 (Table 4.2).

4.4.4 Propulsion impulse. The changes in the propulsion impulse were similar
to the findings of the peak propulsion force, in that the percent change in propulsion
impulse for dogs in group 1 decreased at week 2, but then increased at week 4, week 10,
and week 18 (Table 4.1). Group 2 dogs had a 38% average decrease in the propulsion
impulse from force plate measurements taken at week 4 compared to week 2, whereas
group 3 dogs had a 148-fold decrease at week 10 compared to week 4, and group 4 dogs
had a 62% decrease in propulsion impulse at week 18 compared to week 10 (Table 4.1).
There was no statistical difference between groups in the percent decrease at the week 2
measurement period (Table 4.2). However, at week 4, group 2 had a significantly lower

percent change (p=0.0110) compared to group 1. At week 10, group 3 had a significantly
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lower p ercent change (p=0.0029) than group 1, and the percent change in the v ertical
impulse for group 4 was significantly lower than group 1 (p=0.0006) at week 18 (Table
4.2).

4.4.5 Braking force and impulse. The peak braking force and impulse did not
follow the same pattern of percent change as described for the other ground reaction
forces. The mean percent change in the peak braking force and impulse for group 1
decreased in all of the dogs at week 2, and then continued to decrease at week 4 and week
10 before increasing at week 18 (Table 4.1). Instead of dogs in groups 2-4 all
experiencing decreases in the peak breaking force and impulse, as was the case with the
other ground reaction forces, 6/12 had an increase in the peak braking force and 9/12 had
an increase or no change in the braking impulse. Of the 6 dogs that had an increase in the
peak braking force, 3 were in group 1, 1 in group 3, and 2 in group 4. For these 6 dogs
that had an increase in the peak braking force, there was also an increase in the braking
impulse. An additional dog in group 3 had an increased braking impulse, and 2 dogs had
no change in the braking impulse. Because of this relative difference, the mean + SD
changes in peak braking force and impulse did not follow a predictable pattern, and are
summarized in Table 4.1. Significant differences in the percent changes for groups 2, 3,
and 4 compared to group 1 at each measurement period are listed in Table 4.2. The mean
+ SD meniscal grade for those 6 dogs that had an increase in the peak braking force was
2.83 + 0.41 compared to 2.33 + 0.82 for those that had decreased, but this difference was
not statistically different (p=0.21). The mean + SD meniscal grade for those 7 dogs that

had an increase in the braking impulse was 2.80 & 0.38 compared to 2.67 + 0.58 for those
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had decreased, with there being no statistical difference (p=0.54) between these two
groupings.
4.5  Discussion

Many force plate studies have documented the changes that occur in the ground
reaction forces of the hind limb after rupture or transection of the cranial cruciate

198202 The most predictable changes have been reported to occur with the peak

ligament
vertical force and its respective impulse (total force applied over time). For both of these
ground reaction forces, there is a large decrease from preoperative values for the dogs in

the first 2 to 4 weeks that is presumed to be a direct result of pain related to instability'*®

202 Over time, most dogs will then start to use the limb more as the inflammation
subsides and the joint becomes more stable as the capsule becomes more fibrotic. This 1s
demonstrated by continual improvement in the amount of force placed on the ground by
the injured limb until a plateau is reached by about 10 months post-transection with the
peak vertical force remaining below original baseline levels out to 3 years’*>. The results
for the peak vertical force for the 27 dogs in group 1 of our study fit this pattern. They all
had a large decrease in peak vertical force by 2 weeks, with a gradual increase in the
amount of weight being placed on the limb from that time on (Figure 4.2, Table 4.1).
Therefore, group 1 was used as the comparative group in this study. In other words, it
was viewed as the typical response that most dogs would follow after CrCL transection,
such that if any dog had a decrease in the peak vertical force that was different than this
group, it would be suspicious of meniscal damage.

Often in the clinical situation when there is an acute exacerbation of lameness in

10,143,145,151
4"

the CrCL deficient dog, medial meniscal damage is suspecte . Damage to the
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medial meniscus has been thought to occur as a result of the instability created by the
CrCL deficiency, not as a result of the initial injury'*’. The most common meniscal
damage identified during CrCL surgery is a longitudinal tear of the caudal horn of the
medial meniscus which likely happens because the caudal horn acts as the main

268269 The location of the tear, combined

secondary stabilizer to the cranial tibial thrust
with the cranial tibial thrust, allows the torn portion of the meniscus to slide between the
femur and the tibia. This abnormal impingement of the meniscal tissue will presumably
cause the dog to become acutely more lame. Therefore, clinically, following CrCL
rupture, any dog that either remains very lame in the initial period, or becomes acutely
lame w ithin the first few months a fter it has shown i mprovement, is assumed to have

10.143.145.151 T the authors’ knowledge, this has

sustained secondary meniscal damage
been a subjective assessment only and has not been monitored using force plate analysis.
Since this is the first description of trying to identify meniscal damage using the
force plate, we had to define the magnitude of d ecrease that would be p resumptive of
meniscal damage. Since meniscal injury tends to cause a rather large increase in
lameness, we presumed that only those dogs with > 10% decrease in peak vertical force
would be representative of possible meniscal injury. This percent decrease was chosen as
a value that would be identifiable as an acute onset of lameness on subjective assessment.
Most of the dogs that had a noticeable increase in lameness had a > 10% decrease in the
peak vertical force, whereas an increase in the degree of lameness was not as obvious for
the 8 other dogs that had smaller decreases in peak vertical force (mean £ SD 3.32% +

2.10%) at some point throughout the study. Therefore, it appeared that a cutoff at a 10%

decrease appeared to best mimic the clinical picture of detectable meniscal injury.
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Based on this dividing point, dogs that did not have a > 10% decrease in peak
vertical force at any point between successive measurements after the week 2
measurement period, were placed into group 1. The remainder of the groups (groups 2-4)
were defined based on when the > 10% decrease in peak vertical force was measured.
Our results demonstrated that there was a significantly higher (p=0.0035) average
meniscal grade for these 12 dogs in groups 2-4 compared to group 1 (Table 4.3). In fact,
when examining all of those dogs with grade 3 meniscal injury in this study, the majority
(57%) were in groups 2-4. In a concurrent study performed in this laboratory, 3 dogs
underwent force plate examinations and serial arthroscopies at the same time points
(Chapter 3). One of the dogs developed a bucket handle tear of the caudal pole of the
medial meniscus between the week 4 and week 10 arthroscopies and also experienced a
27% decrease in peak vertical force at the week 10 force plate measurement period
(unpublished data). Based on this arthroscopic data and the typical clinical situation after

10,143,145,151
CrCL rupture 0143, 145,15

, it is reasonable to extrapolate that the acute exacerbation in
lameness observed in these dogs could be due to recent meniscal injury. In the CrCL
deficient joint, the menisci are one of the few structures that can become acutely injured
and cause an acute exacerbation in lameness since it causes mechanical interference that
can lead to pain from inflammation, as well as a “locking” or “giving way” of the limb'’.
However, the fact remains that this is a presumption based on our arthroscopic findings
and clinical impression, because the menisci of the dogs in this study were not examined
or graded until the end of the study at 18 weeks.

Articular cartilage damage could potentially contribute to the increase in

lameness, but rarely does cartilage damage occur rapidly enough to cause an acute
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worsening in the lameness unless a cartilage flap is present. More than likely, cartilage
damage is going to result in a slowly progressive lameness that probably contributes to

202
02 However,

CrCL deficient dogs never reaching preoperative peak vertical force levels
dogs in groups 2-4 of this study did have slightly significantly higher cartilage severity
scores (p =0.046) when compared to group 1. The most likely explanation for this would
be that cartilage damage likely increases as meniscal damage increases, but the results of
a previous report®*’, as well as the fajlure to detect significant correlations for our data do
not support this. Therefore, we cannot rule out that cartilage damage might contribute to
some of the changes in the ground reaction forces found in this study.

The division of the dogs into groups 2-4 was according to when the decrease in
peak vertical force occurred. This allowed us to examine the relative time frame in which
meniscal injury may occur. As demonstrated in Figure 4.1, presumed m eniscal injury
occurred as early as 2-4 weeks, and as late as 10 to 18 weeks after CrCL transection.
Since there were 4 dogs in each of these groups, there did not appear to be a predominate
time in which most dogs injured their meniscus. Those dogs that experienced a decrease
in peak vertical force at week 4 compared to week 2 could have simply represented a
continuation of the pain response due to the instability, and not represent meniscal injury.
In fact, this group of dogs had the most prominent cartilage changes present of any of the
groups, suggesting that there was longer lasting effects of the instability. However, since
the cartilage and menisci were not examined until the end of the study, it is impossible to
determine exactly what caused the continued decrease in peak vertical force in these 4
dogs. In the separate serial arthroscopic study of 3 CrCL deficient dogs performed in this

laboratory (Chapter 3), both medial meniscal and cartilage fibrillation started as early as 2
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weeks after CrCL transection. However, by 4 weeks, medial meniscal damage tended to
progress more rapidly than the cartilage degeneration. Therefore, the potential for
meniscal injury causing an increase in lameness cannot be ruled out 4 weeks after CrCL
transection.

The changes in the vertical impulse, peak propulsion force, and propulsion

198,1
98, 99, and

impulse in this study were similar to previous reports of CrCL deficient dogs
mirrored the changes in the peak vertical force in each respective group (Table 4.1 and
4.2). However, the changes in the peak braking force and braking impulse after CrCL
deficiency were different from these previous reports. The changes in group 1 decreased
relative to preoperative values, as expected, but the changes in groups 2-4 were
unpredictable. After week 2, 50% of the dogs increased their peak braking force and
58% increased their braking impulse in groups 2-4. A plausible explanation for this may
be that this increase in the braking forces may be related to greater meniscal pathology,
where the dog is forced to stab its paw down when placing it on the ground. However,
even though the meniscal grade was higher for those dogs that showed an increase in the
peak braking force and the braking impulse, there was no statistical difference from those
dogs that had a decrease. These changes in braking force and impulse may be somewhat
inconsequential since the hind limbs are mostly responsible for propulsion of the dog at a
trot, making minor differences in the braking forces irrelevant'*2.

The collection of the force plate data in this study was performed so that the
previously i dentified s ources o f v ariability w ould b e m inimized'**'?***%H owever,

individual variation among and within each dog with regards to its response to CrCL

transection was difficult if not impossible to control for, and could have affected some of
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the results. Twenty of the dogs used in this study, were administered a novel therapeutic
agent, but were included in this study because there were no differences identified in the
ground reaction forces between the treatment and placebo groups. Therefore, the likely
affect of the drug on the results of the force plate analyses are minimal.

In summary, this study demonstrates that a > 10% decrease in the peak vertical
force identified in successive measurements made at some point between 2 and 18 weeks
could represent recent medial meniscal injury since there was a significantly higher
meniscal grade for these dogs when compared to dogs that had improved lameness during
the same period. This provides a potential non-invasive way to objectively delineate the

temporal pattern of meniscal injury after CrCL rupture/transection.

115

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5 VARIABILITY OF MACROSCOPIC AND MICROSCOPIC
PATHOLOGY IN OSTEOARTHRITIS SECONDARY TO CRANIAL CRUCIATE

LIGAMENT TRANSECTION IN DOGS

Troy N. Trumble DVM, MS, Alison M. Bendele DVM, PhD, R. Clark Billinghurst

DVM, PhD, C. Wayne Mcllwraith BVSc, PhD

To be submitted to Osteoarthritis and Cartilage in spring 2003.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.1 Summary

Objective. Cranial cruciate ligament (CrCL) transection in the dog is a commonly used
model of osteoarthritis (OA) even though there is little reported on the variability in the
pathological changes produced between dogs. The present study evaluates the variability
in the gross and histologic pathology between a large group of dogs after CrCL
transection.

Methods. Nineteen mature purpose-bred male Walker Hounds had the right CrCL
transected arthroscopically, and the dogs were subjected to a controlled exercise regimen
for 18 weeks. Gross and histologic analyses of both stifles were subsequently performed
to determine the relative incidence, type, location and severity of intra-articular
degenerative changes present.

Results. The gross and histologic lesions induced by CrCL transection were highly
variable between dogs with respect to incidence, location, severity, and type. The
coefficient of variation (CV) for the macroscopic and microscopic scores ranged from 21-
436% and 27-424%, respectively. The majority of degenerative changes were present on
the medial tibial plateau, especially on the cranial aspect. The most common change on
the femoral condyle was located at the junction between the medial femoral condyle and
the trochlear ridge.

Conclusion. The presently described between-subject variation in degenerative changes
produced secondary to CrCL transection should be an important consideration when
planning to use this model for future projects, or when drawing conclusions from studies

that use a small number of dogs.
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5.2 Introduction
Many different animal models of osteoarthritis (OA) have been used to mimic the
early stages of OA in humans and dogs. One of the most common models used is the

9

cranial (anterior) cruciate ligament (CrCL) transection model in the dog'*®. Transection

of the CrCL in the dog causes instability and inflammation within the joint that leads to

1,249

changes in the synovium, menisci, articular cartilage, and subchondral bone . Many

studies have utilized this model to either describe the pathological changes that occur in
the intra-articular structures over time following transection!:100-102:105-107,118-120,128,13 4, or
utilize it to determine whether different therapeutic agents are capable of modifying the
intra-articular changes that occur with secondary QA '%-116-124:270

It has been stated that one of the main advantages of the CrCL transection model
is that the time of onset of the insult is known and that lesions are reproducible in certain
locations”. However, the reality is that different laboratories have found differing
locations and degrees of articular cartilage and meniscal injuries with the use of this
model. It has been suggested that this variability may be due to many potential factors
that can differ between each laboratory, including the breed, age and weight of the dogs
used, the technique used to transect the cruciate ligament, and the amount of exercise the
dog receives after transection'®’.  Another important factor that has been rarely
mentioned is the fact that there can be considerable between-subject variation in the types
and locations of lesions present within the same laboratory setting. In other words, even
when the same relative age, weight, breed of dog, surgical technique, and exercise

protocol are used, there can be considerable variation in the pathology present between

the dogs. For example, Brandt, et al. examined the long term OA changes that developed
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in 3 dogs after cruciate ligament transection and found extensive cartilage ulceration on >
50% of the medial and lateral tibial plateaus of one dog, > 50% ulceration of only the
medial tibial plateau on the second, and only mild fibrillation of both tibial plateaus on
the third'".

Most of the studies that have been performed utilizing this model have been to
elucidate the temporal patterns of response of the articular cartilage, synovium, menisci,
and/or subchondral bone to the instability created by CrCL transection. Many of these
studies have utilized less than 4 dogs per time point in order to be able to examine
different stages of the disease process, and conclusions have drawn based on the results
from only a few dogs'?%?%10%103,105-10718120128-30.134  ywhen this OA model has been
used to determine the usefulness of different therapeutic agents, more dogs have

109-116,123,124 Since most

generally been used, but rarely more than 7 per treatment group
of the therapeutic agents being tested are expected to have some effect on the degree of
articular cartilage damage, there must not be a large amount variability present between
the treated and control dogs, or else a treatment response may be masked.

This study will demonstrate that with a larger group of dogs (19), there is
considerable variability present between dogs in the incidence, type, location and severity
of lesions that are created after CrCL transection. Knowledge of this amount of
variability is important when trying to compare the gross and histopathologic scores of
various groups.

5.3  Materials and methods

5.3.1 Experimental design. Nineteen purpose-bred adult male Walker Hounds

with a mean + SD weight of 22.42 + 2.39 kg (range, 19-28.5 kg) were studied. These
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dogs were the placebo control group in a larger study of a novel therapeutic agent.
Inclusion criteria required the dogs to be free of pre-existing orthopedic disease of the
stifles (equivalent to the human knee) based on routine physical, orthopaedic, lameness,
radiographic, and force plate examinations.

All dogs were anesthetized, and the right hind limb was prepared for aseptic
surgery. A lateral parapatellar arthroscopic approach to the right stifle was used to
examine the joint for the presence of any intra-articular pathology of the articular
cartilage, cruciate ligaments and menisci. The CrCL was then transected arthroscopically
using a meniscectomy blade (Chapter 2). Analgesia was administered via a 5 mg
fentanyl patch (2.0 pg/kg/hr) that was applied the day before surgery and was maintained
for 72 hours post-operatively.  Morphine (1 mg/kg subcutaneously) was also
administered post-operatively for pain, as needed. Cephalexin (Keflex) was administered
intravenously during surgery and was continued orally (10 mg/kg) every 12 hours for 3
days to prevent infection. Throughout the study, all dogs were housed in individual runs.
The animals were closely monitored during the first 48 hours post-operatively for any
signs of pain, infection, anorexia, or intestinal complications. To encourage the
development of OA, dogs were placed in an exercise protocol that required leash walking
for 30 minutes every day for 5 days/week from the second day post-operatively until 18
weeks post-operatively. All dogs were humanely euthanized at 18 weeks with an
overdose of pentobarbital (88 mg/kg).

All dogs were obtained through approved sources by the Colorado State
University Laboratory Animal Resources, and the study was conducted under a protocol

approved by the Colorado State University Animal Care and Use Committee.
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5.3.2 Macroscopic grading of lesions. Immediately after sacrifice, the right
and left stifles of all dogs were opened and the lesions were described, measured, and
photographed by a board-certified pathologist (AMB). Gross pathology was subjectively
graded for synovial thickening, the degree of medial and lateral meniscal damage,
osteophyte formation, and articular cartilage degeneration. The synovial membrane was
subjectively graded on a scale of 0-3, where: 0 = normal, 1 = mild thickening, 2 =
moderate thickening, or 3 = severe thickening. Meniscal degeneration was graded on a
scale from 0-3 with 0 = no lesion, 1 = mild fraying or incomplete tears with or without
significant fibrous replacement/repair, 2 = moderate fraying or tearing (longitudinal
surface or small transverse tears) with or without significant fibrous replacement/repair, 3
= severe fraying or tearing (such as penetrating longitudinal tears — bucket handle)
without significant effective fibrous replacement/repair. The presence of osteophytes on
the tibia and femur were subjectively graded on a scale of 0-3 as follows: 0 = none, 1 =
small (1-2 mm), 2 = medium (2-3 mm, many or a few large > 4 mm), or 3 = large (3-5
mm, many, often with recontouring of the shape of the surface).

The evaluations of articular cartilage degeneration and osteophyte formation were
divided into two basic compartments: one being the tibial plateaus, and the other being
the femoral condyles. Lesion locations for the tibial plateaus were identified as cranial,
middle, the area not protected by the meniscus, and caudal. Lesion locations for the
femoral condyles were proximal, central weight bearing, and central non-weight bearing.
Actual measurements of articular cartilage lesions were made using a micrometer to
derive a calculated set of data points based on length X width X depth score. The depth

of articular cartilage damage was graded on a scale from 0-4 with 0 = normal, 1 =
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minimal superficial fibrillation, 2 = mild to moderate fibrillation presumably into the
upper middle zone, 3 = mild to moderate fibrillation and/or loss of articular cartilage
extending to the middle zone, and 4 = severe cartilage loss extending to the deep zone or
subchondral bone.

5.3.3 Microscopic grading of lesions. After gross examination, the proximal
end of the tibia and distal end of the femur were removed using a band saw to preserve
the articular surfaces in 10% neutral buffered formalin for 5 days. The sections of femurs
and tibias from both stifles were then decalcified in formic acid and prepared for
histopathologic evaluation. The surface area of the tibia and femur were divided into 4
compartments of the articular surface (medial tibia, lateral tibia, medial femur, and lateral
femur). Each compartment was further subdivided into 3 basic regions (cranial, weight
bearing, and caudal). For each region, 1-2 slabs of bone/cartilage, approximately 2-3 mm
thick, were processed, embedded in paraffin, and sectioned for each dog (Figure 5.1). A
similar approach was applied to the femoral condyles. Histologic sections were stained
with toluidine blue. Synovial membrane was removed from the cranial portion of the
joint and was placed in formalin for sectioning (Sum) and staining with hematoxylin and
eosin.

Synovial pathology was scored on scale from 0-3 with 0 = none to minimal
cellular infiltrate, 1 = mild subacute inflammation with evidence of synoviocyte
hyperplasia, 2 = moderate subacute inflammation with mild to moderate synovial
hyperplasia, and 3 = severe subacute inflammation with moderate to severe synovial
hyperplasia. Osteophytes for each compartment (medial tibia, lateral tibia, medial femur

and lateral femur) were measured using a previously described imaging system’’. They
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Figure 5.1. Normal left tibial plateau with lines superimposed on the lateral compartment of the tibial
plateau to show the approximate regions of tissue trimming into slabs prior to processing and
embedding for histologic analysis. The Cr lines represent the generation of 2 cranial sections (1 and 2),
the M lines approximate areas of the middle weight bearing sections (3 and 4) and the Cd lines show
the areas where caudal sections (5 and 6) were taken. Medial tibial plateaus were similarly sectioned.
Medial and lateral tibial plateaus were separated prior to trimming. A similar approach was applied to
the trimming of the femur.

were measured from the basal endochondral ossification to the surface of the cartilage
cap and severity grades were assigned according to the size, as follows: 0 = none, 1 = up
to 2000 pm, 2 = 2001 to 3000 um, and 3 = 3001 or greater pm.

Compartmentalized articular cartilage lesions on medial tibia, medial femur,
lateral tibia and lateral femur were scored for each of the regions. If 2 sections of tissue
were present on the slide, the lesion score reflects the worst case scenario. For cartilage
degeneration, lesions were graded according to the depth/severity and area involved. The

depth/severity was graded on a scale of 0-5 (0 = none, 1=superficial, 2=upper 1/3,
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3=middle zone, 4=deep zone but not to tidemark, 5=extending to tidemark) based on
depth and character of the lesion. The area involved (fraction of the total surface, i.e. 1/3,
1/2, etc. up to 1=entire surface) was multiplied by the depth/severity score to arrive at a
value for a single section. Values for each of the 3 regions were then summed to give a
total for each compartment. Total values for cartilage degeneration parameters were
separately determined for tibia and femur. Single objective depth measurements in areas
of greatest lesion severity were taken using a previously described imaging system’’ for
each section, and consisted of measurements taken from the surface (or estimated original
surface when severe degenerative changes were present) to the point where cartilage
appeared normal. A second measurement was taken in this same area to the depth of the
tidemark so that the number expressed was a ratio of lesion depth vs. depth of tidemark.
Measurements of the width of the total lesion of any type (chondrocyte death, cloning,
fibrillation, proteoglycan loss) were taken across the tibial and femoral surfaces to give a
total lesion width.

Subchondral bone was subjectively examined for each section, and changes were
described, but no scoring pattern was assigned.

5.3.4 Statistical analysis. Descriptive statistics including the mean, standard
deviation, variance, and coefficient of variation (CV) were generated for all of the gross
and histologic data. Spearman rank correlation was used to correlate the medial meniscal
grade to the gross articular cartilage score on the cranial aspect of the medial tibial
plateau. Power analysis was performed using a one sample t-test on the overall mean and
standard deviation for the gross scores listed in Table 5.1, using the average variance

(0.6) as smallest difference that would be important to detect a significant difference. A
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value of P<0.05 was considered significant for all analyses. All statistical analyses were
performed using SAS software (SAS Institute, Cary, NC).
5.4 Results
5.4.1 Macroscopic findings. Gross pathologic changes to the synovium,

menisci, articular cartilage and bone were minimal to non-existent in the left non-
operated stifles. A few dogs had mild superficial fibrillation of the articular cartilage on
the region of the medial tibial plateau not protected by the meniscus. Moreover, no
osteophytes were present in these non-transected stifles.

5.4.1.1 Synovial membrane. There was moderate to severe thickening
and fibrosis of the synovium and joint capsule in the operated right stifles, with villous
hypertrophy often present as reflected in a mean + SD grade of 2.42 &+ 0.51 (Table 5.1).

5.4.1.2 Menisci. Meniscal damage was much greater on the medial versus
lateral side (Table 5.1) with changes varying from mild fraying to near complete
destruction with inadequate attempts at fibrous repair. Bucket handle tears of the caudal
horn of the meniscus were a common finding. Fraying of the lateral meniscus was
minimal to mild, if present, and many (12/19) joints had no lateral meniscal fraying.

5.4.1.3 Osteophytes. In the operated joints, osteophytes were generally
largest and most numerous in the area of the femoral trochlear ridges (2.58 & 0.61), but
recontouring (shape change) of the tibial plateaus was a common finding (Table 5.1).
Common locations for especially large osteophytes included the caudal and outside edges
of the medial tibial plateau, the axial edge (adjacent to cruciate attachment area) of the
lateral tibial plateau, and upper axial surface of the lateral femoral condyle. The presence

of the large osteophytes on the axial surface of the lateral femoral condyle was often
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associated with bone resorption of non-weight bearing areas of the lateral femoral

condyle.

Table 5.1. Subjective gross pathology scores for each dog. The mean + SD and coefficient of variation

(CV) for each category are listed. Syn = Synovium, Med = Medial, Lat = Lateral, Men = Meniscus,

Osteo = Osteophyte, Fem = Femur, Tib = Tibia

Dog Syn  Med Lat Med  Lat Med  Lat Trochlear ~Med Fem Lat Fem Med Tib Lat Tib
Men Men Fem Fem Tib Tib Ridge Condyle Condyle Plateau Plateau

Osteo  Osteo  Osteo  Osteo  Osteo Cartilage  Cartilage  Cartilage  Cartilage

1 2 2 1 0 1 2 1 3 0 0 1 1

2 2 1 0 0 3 2 1 3 0 0 3 0

3 3 3 1 1 1 3 2 3 2 1 4 0

4 2 1 0 1 0 2 1 2 2 0 4 1

5 2 2 0 1 0 3 2 2 1 0 1 1

6 3 3 1 1 3 3 1 3 3 1 4 1

7 2 1 0 1 1 1 1 2 3 0 4 2

8 2 1 1 1 1 2 2 3 4 0 2 2

9 3 3 1 1 3 1 2 3 1 1 3 2

10 3 2 0 1 0 2 1 3 4 1 4 4

11 2 3 0 0 2 1 1 2 1 0 2 2

12 2 1 0 1 1 1 1 1 2 0 2 1

13 3 3 1 0 1 1 1 3 2 1 3 0

14 2 1 0 1 1 1 1 2 2 1 2 2

15 3 3 0 0 2 1 2 3 3 1 4 2

16 2 1 0 1 2 2 1 2 1 2 1 1

17 3 3 0 1 1 1 1 3 2 1 4 2

18 3 1 0 1 1 1 1 3 2 1 4 2

19 2 1 1 1 2 1 1 3 2 1 3 0

Mean | 242 189 037 074 1.37 1.63 1.26 2.58 1.95 0.63 2.89 1.37

SD 051 093 049 045 0.96 0.76 0.45 0.61 1.13 0.60 L15 1.01

Ccv 21 49 135 61 70 47 36 24 58 95 40 74

5.4.1.4 Articular Cartilage. Articular cartilage lesions on the femoral

condyles were generally located in the proximal, non-load bearing junction of the medial
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femoral condyle and trochlear ridge and were focal, small but often deep (Figure 5.2,
Table 5.2). These lesions were seldom present on the lateral femoral condyle (Table 5.1
and 5.2). Central weight bearing areas of the medial femoral condyle were at risk for
development of larger lesions that ranged in severity from diffuse superficial roughening
to severe extensive cartilage degeneration. Lateral femoral condyles were affected by
degenerative changes in similar locations but damage was always much less severe than

that seen on the medial femoral surface (Table 5.1 and 5.2).

A) B)

Figure 5.2. Disarticulated and sectioned femoral condyles from a normal left, non-operated stifle (A)
compared to the degenerative changes present in an operated stifle (B). Note the focal articular
cartilage degeneration on the proximal medial femoral condyle at the junction of the trochlear ridge
(black arrow) as well as the osteophyte formation on the axial surface of the lateral femoral condyle
(white arrow). Medial and lateral for each section is labeled accordingly.

Articular cartilage of the cranial, non-load bearing area of the medial tibial
plateau, a region where there is normally a transition from hyaline to fibrocartilage or
fibrous tissue in normal weight bearing animals, was at ris;k for development of severe
degenerative changes (Figure 5.3, Table 5.2). Animals that had severe medial
degeneration in this area often had similar but usually less severe changes on the lateral
tibial plateau. The area not protected by the meniscus, a common location for superficial

spontaneous degenerative changes, had superficial areas of degeneration in some animals.
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Figure 5.3. Disarticulated tibial plateau from a normal left non-operated stifle (A) and one from a
CrCL transected stifle (B). Notice the severe articular cartilage degeneration on the cranial medial and
lateral region (black arrows) in the operated stifle compared to the normal stifle. Medial and lateral for
each section is labeled accordingly.

Caudal aspects of the medial tibial plateau often had superficial to medium-depth
degenerative changes which interfaced with marked recontouring and osteophyte
formation at the caudal aspect of the surface. Medial tibial cartilage subjective gross
scores for cartilage degeneration were greater than lateral scores (Table 5.1). The cranial
medial tibial plateau had the highest overall calculated values for articular cartilage
damage (Table 5.2). Therefore when the data was expressed as a sum of calculated gross
scores for tibia or femur, the greatest cartilage damage was identified on the tibia where
values were almost 3 times greater than the values calculated for the femur (120.53 +
103.19 vs. 37.84 + 86.33; Table 5.2).

The coefficients of variation (CV) for each category of the macroscopic grading
are listed in Tables 5.1 and 5.2. The range of CVs for all of the subjective macroscopic
gradings listed in Table 5.1 was 21-135%. The range of CVs was much greater (86-
436%) in the calculated articular cartilage scores that were based on specific locations of

the lesions listed in Table 5.2. Representative examples of the variability in gross
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pathology scores are shown in Figure 5.4. The correlation between the medial meniscal
grade (Table 5.1) and the gross cartilage damage on the cranial aspect of the medial tibial
plateau (Table 5.2) was not significant (r = 0.2757, P = 0.2533). Based on the mean,
standard deviation, and variances of the gross scores in Table 5.1, the power for this
study was 96%.

5.4.2 Microscopic findings. There were minimal to no histologic changes in
the left non-operated stifles. Only minimal to occasionally mild spontaneous
degenerative changes consisting of tangential layer loss, superficial zone chondrocyte and
proteoglycan loss with minimal or mild fibrillation were seen on the medial and lateral
tibial plateaus in the area not protected by the meniscus.

5.4.2.1 Synovial membrane. The synovial membrane had mild to severe
subacute inflammation (2.11 £ 0.57) with mononuclear inflammatory cell infiltrate and
distinct lymphoid aggregates and synovial hyperplasia in the operated stifles (Table 5.3).

5.4.2.2 Osteophytes. Osteophytes in the operated stifles were identified
by the presence of basal endochondral ossification on the edge of the articular surface,
often recontouring the shape of the joint surface. The medial tibial plateau had the
highest incidence followed by the lateral tibial plateau, medial femoral condyle, and the
lateral femoral condyle (Table 5.3).

5.4.2.3 Articular cartilage. Articular cartilage lesions in the operated
stifles of these dogs ranged from focal superficial, to focal severe degeneration
characterized by chondrocyte loss, proteoglycan loss, fibrillation and cleft formation with
subjacent cloning of chondrocytes. In addition to these obvious focal degenerative

changes, large areas of the cartilage (extending from the surface toward the tidemark) had
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Table 5.3. Histologic pathology scores for each dog for the synovium, osteophytes, and lesion depth
compared to the tidemark (TM). Osteophyte scores were calculated by averaging the osteophyte grade
for the cranial or proximal, weight bearing, and caudal sections of the tibial plateaus or the femur. The
lesion depth was calculated in the most severe location and is reported as a ratio of the tidemark depth.
The mean & SD and coefficient of variation (CV) for each location are listed. Syn = Synovium, Med =
Medial, Lat = Lateral, Fem = Femur, Tib = Tibia, Osteo = Osteophyte.
Med Fem Lat Fem Med Tib Lat Tib
Med Fem Lat Fem Med Tib Lat Tib
Syn Lesion Lesion Lesion Lesion
Dog Osteo Osteo Osteo Osteo
Depth Depth Depth Depth
1 2 0.67 0.67 2.67 1.67 0 0 0.26 0.11
2 2 1.00 0.33 1.67 1.33 0.11 0 0.04 0.05
3 2 0.67 0 233 1.00 0.14 0 022 0.07
4 3 0 0 0.67 0.67 0.03 0 0.05 0.08
5 3 1.33 0 1.67 1.50 033 0.29 0.11 0.11
6 2 0.67 1.00 1.67 1.67 0.3 0 0.40 0.06
7 1 0.67 0.67 033 0.67 033 0 0.08 0.22
8 2 033 0 1.33 2.00 0.36 0 0.62 0.24
9 2 1.67 1.00 0.67 233 0.25 0.37 035 0.11
10 3 1.00 1.00 2.67 1.00 1.00 0 0.85 0.45
11 2 2.00 1.67 2.00 1.33 0.10 0.19 0.12 0.08
12 1 1.67 1.67 2.00 2.00 0.39 0 0.07 0
13 2 1.00 1.00 1.00 1.00 0.06 0 0.46 0.08
14 2 1.33 2.00 0.67 1.00 025 0 0.13 0.08
15 2 1.33 1.67 1.00 1.67 038 0 0.12 0.07
16 2 1.00 1.00 2.67 1.67 0 0.16 033 0.05
17 3 2.67 3.00 1.67 1.33 0.17 0.07 0.15 0.13
18 2 2.00 1.67 133 2.00 0.46 0 0.19 0.13
19 2 1.00 0.67 1.00 133 0.19 0 0.14 0.07
Mean 2.11 1.16 1.00 153 143 0.26 0.06 0.25 0.12
SDh 0.57 0.64 0.80 0.73 0.47 023 0.11 0.21 0.10
Ccv 27 55 80 48 33 90 197 86 86

marked diffuse chondrocyte cloning/hypercellularity associated with matrix changes
which resulted in altered toluidine blue staining. This change in the staining was

characterized by a shift from orthochromatic (blue) to metachromatic (purple). In some
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dogs there was also the formation of a fibrous pannus-like tissue on the surface of the
articular cartilage. This pannus-like change was most commonly seen in the cranial
aspects of the tibial plateaus, an area which normally has morphology of fibrous to

fibrocartilagenous tissue (Figure 5.5).

A) B)

Figure 5.5. Microscopic section (16X) of the cranial section of the medial tibial plateau from the
normal left unoperated stifle (A), and the CrCL transected stifle (B) depicted in Figure 3. Section A
shows the normal appearance of this region, with thicker more cartilaginous areas (black arrow) and
thinner more fibrous areas (open arrow). Section B depicts a highly irregular surface with fibrous
areas (open arrow) as well as residual fibrocartilage areas (black arrow).

In the operated knees, the mean depth of articular cartilage degeneration when
compared to the tidemark was generally greater on the medial side than lateral with no
difference between the relative depths of femoral compared to tibial degeneration (Table
5.3). However, microscopic alterations based on calculated cartilage lesion scores (width
X depth) were more severe on the tibial plateaus than femoral condyles (Table 5.4). Of
the 4 compartments, evaluation of cartilage degeneration using calculated scores revealed
that the cranial aspect of the medial tibial plateau was the most severely affected, (1.31 +
1.33) followed by the proximal aspect of the medial femorgl condyle (0.73 + 0.63).

Bone changes in the subchondral area of operated joints included mild to marked
trabecular thickening in various locations on both medial and lateral plateaus. A change

from adipose to hematopoietic marrow often accompanied the increase in trabecular

width.
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Table 5.4. Histologic cartilage degeneration scores for each dog for the medial and lateral tibial
plateaus and femoral condyles. Scores for each compartment (cranial or proximal, weight bearing, or
caudal) were calculated by averaging the product of the width X depth of the lesions present in all 3
compartments. The sum of the tibial and femoral scores are the cumulative total of the respective
medial and lateral scores. The mean + SD and coefficient of variation (CV) for each location are listed.
NS = no section available for analysis. Med = Medial, Lat = Lateral, Tib = Tibia, Fem = Femur, Plat =
Plateau, Cond = Condyle, Cart = Cartilage, Cran = Cranial, Wt = Weight, Bear = Bearing, Caud =
Caudal, Prox = Proximal
Med Tib Plat Cart Lat Tib Plat Cart Total Med Fem Cond Cart Lat Fem Cond Cart Total
Dog
Degeneration Degeneration Tib Degeneration Degeneration Fem
Wt Wt Wt Wt
Cran Caud | Cran Caud Prox Caud | Prox Caud
Bear Bear Bear Bear
1 033 0.50 0 0 0.50 025 1.58 0 0 0 0 0 0 0
2 0 0.50 0 0 0.50 0.50 1.50 0 0 0.38 0 0 0 0.38
3 0 0.66  2.00 0 025 017 3.08 0 1.00  0.66 0 0 0 1.66
4 100 033 0.33 025 0.17 033 241 0 0.33 0 0 0 0 0.33
5 0 0.33 025 NS 0.75 0 1.33 1.65 0 0 NS 1.34 0.13 3.12
6 080  0.50 1.34 0 0.66 0 330 .00 0.17 0 0 0 0 1.17
7 050 0.50 0 134 033 0.66 333 1.25 0 0 0 0.10 0 1.35
8 200 100 134} 033 08 025 ] 576 1 231 017 0 0 0 0 248
9 132 0.84 0 134 050 0.66 4.66 066 066 0.17 0 2.01 0.51 4.01
10 3.75 1.00 400 | 250 201 025 § 13.51 1.16  3.25 325 0 0 0 7.66
11 050 050 050 | 067 050 033 3.00 0.17 0.17 0 0 0 034 0.68
12 0.66 0 0 0 0 0 0.66 0.52 0.13 0 0 0 0 0.65
13 2.50 1.75 1.00 0.33 0.33 0 591 0.75 0 0 0 0 0 0.75
14 066 0.66 0 0.34 0 033 1.99 1.16 0 0 0 0 0 1.16
15 134 033 0.67 066 033 0 333 0.85 0.50 0 0 0 0 1.35
16 5.00 0 0 2.00 033 0 7.33 0 0 0 0 1.00 0.10 1.10
17 250 050 1.00 | 0.50 0 0 4.50 0.99 0 0 0.50 0 0 1.49
18 1.00  0.66 0 1.00 017 033 3.16 090 066 025 0 0 0 1.81
19 1.00 0.0 0 0.50 0 0 2.00 051 033 0 0 0 0 0.84
Mean | 1.31 058 065 | 0.65 043 0.21 3.81 0.73 039 025 0.03 023 0.06 1.68
SD 1.33 0.39 1.01 073 046 022 292 0.63 0.75 0.75 0.12 0.57 0.14 1.75
Ccv 101 67 154 111 107 105 77 87 194 302 424 242 242 104
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The CVs for the microscopic grading are listed in Tables 5.3 and 5.4. The range
of CVs for all of the histologic grading was 27-424%, with the CVs being much greater
the more specific the analysis.

5.5  Discussion

The lesions induced by CrCL transection in our study were highly variable
amongst the dogs with respect to incidence, location, severity, and type. This between-
subject variation has been rarely mentioned as an important consideration when using this
model.

Historically, the canine CrCL transection model has been used to determine the

earliest osteoarthritic changes that occur to the intra-articular components, especially

95,102,106,107,120

articular cartilage, after CrCL transection , as well as the entire temporal

-1 103,105,120,12
sequence of events that occurs up to 54 months after transection 98,99,103,105,120.128 * when

investigators have tried to compare their findings to those of other laboratories, the results
have been highly variable with respect to the time of onset and the severity of OA lesions
produced'®. It has been hypothesized that these differences in the lesions generated were

most likely due to the differences in the breed, age, weight, surgical technique used to

sever the CrCL, and the amount of exercise the dog required post-transectionl40.

Indeed, when comparing the cruciate ligament transection studies, most have used

: . 6,104,107,108,110-114,118,121
a heterogeneous population of dogs, (mixed breed®®!04107 1081101141181

b

1,98,99,105,123-127,129,130

. . 4
mongrels , or a mixture of different breeds'*%!?%!107117.119,120,134)

103,106,116,132

whereas fewer studies have used specific purebreds (beagles , American

122,128 115

Foxhounds , and Greyhounds ~). Most dogs have been adults, ranging in age from

the time of epiphyseal closure (~1.5 years) up to 8 years of age, and their weight has

137

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ranged from 6.8 to 40 kg, with most being between 12 to 30 kg. The three main
approaches used for surgical transection of the cruciate ligament have included the

1,96-100,104,118-128

ercutaneous stab'®'!7, arthrotomy (medial or lateral , and arthroscopic
P y P

129-132

techniques . Most dogs have been allowed to regulate their own exercise by being

96,99,100,104,105,108,110,113,116-121,123,132 1,98,102,122,124-127,129,130

kept in cages/pens , OF Tuns , Whereas

only a few studies have utilized more controlled exercise regimens'°®!?!1HHZHAIS

All of these differences undoubtedly make it difficult to compare findings
between different laboratory settings. However, because most of these studies have
looked at many different time points to identify the early changes that occur after CrCL
transection, < 4 dogs (often 1-2 dogs) per interval have been used to draw

1,98,99,102,103,105-107,118-120,125-130,134

conclusions . However, when CrCL transection has been

used to monitor the effectiveness of specific therapeutic agents, more dogs per treatment

gHo-1S1B 1246141 - pased on the variability of the

group (usually 5 to 7) have been use
lesions reported in our study, the authors argue that the relatively low numbers of dogs
used in those studies also contributes to the differences in the lesions identified and the
conclusions that have been drawn. In fact, based on calculations using our gross data, 12
dogs would be required per group to obtain a power of 80%.

In general, the histologic evaluation was similar in outcome to the gross
evaluation in our study. Measurements and lesion scoring were sometimes complicated
by the diverse morphologic changes that were present. This included matrix degenerative
changes that resulted in outright and reasonably easily quantifiable matrix loss as well as

proliferative changes that altered the appearance of the cartilage and resulted in excessive

fibrocartilage, fibrous tissue or combinations with pannus. These diverse morphologies
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were most common in the cranial areas of the tibial plateaus. Normally this is not a load-
bearing area and so the cartilage morphology is not hyaline, but fibrous or fibrocartilage.
Transection o f the CrCL resulted in this area, as well as the p roximal m edial femoral
condyle, becoming load-bearing and subjected to mechanical forces. In the proximal
femoral area, if lesions were present, they were generally degradative resulting in focal
defects, often with substantial peripheral thickening of cartilage matrix and osteophyte
formation at margins. When this occurred in the cranial areas of the tibial plateaus,
lesions were often irregular areas of degeneration coupled with areas of intense
fibrocartilage formation and overall recontouring of the area. These irregularities made
these lesions much more difficult to score and quantify.

The focal articular cartilage defect on the cranial aspect of the medial tibial
plateau, to our knowledge, has rarely been reported, whereas the focal lesion at the
junction between the medial trochlear ridge and femoral condyle has been reported in a

. 104,124,130,249
few studies'%1?413 .

These are both most likely defects that occur in the articular
cartilage in response to the instability that is created in this model. The tibial defect was
likely due to damage of the medial meniscus, even though we could not identify a
correlation between the severity of medial meniscal grade in our study to the gross score
of the articular cartilage in this location, a finding corroborated by Smith, et al**.
However, in a canine cadaver study, Tirgari, et al. noted that when the meniscus was torn,
the cartilage underneath was deeply eroded'”®. In addition, in a concomitant study in our
laboratory, we serially examined 3 dogs arthroscopically at 2, 4, 10, and 18 weeks after

CrCL transection (Chapter 3). We noted that the cranial meniscotibial ligament of the

medial meniscus stretched or ruptured in each of these dogs by 10 weeks, allowing
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increased mobility of the cranial horn of the medial meniscus. Only one of these dogs
had severe (grade 3) meniscal damage, highlighting the potential for the cranial horn of
the medial meniscus to become more mobile and potentially causing damage to the
articular cartilage underneath, without having significant pathology itself. It is also
possible that the focal lesions of the femur could be due to this increased meniscal
mobility combined with the hyperextension that is created by the cranial tibial thrust after
CrCL transection. As previously, stated, however, this femoral lesion is most likely due
to the abnormal movement of the patella in response to joint instability, causing it to

104124 Why these lesions have not been identified in

impinge on the femur in that location
more studies is not known, but could likely be due to the timing of lesion occurrence
combined with the need to have adequate numbers of dogs to identify the lesions.

In general, the variability in lesions produced in our study were likely due to
inherent differences of each individual animal in response to the surgically created
instability. The most obvious component of this is the potential difference in pain
threshold between each dog fhat would likely alter the degree of load bearing. Altered
load bearing would no doubt affect the degree of damage sustained to the menisci,
articular cartilage, and subchondral bone. As a component of this, based on the dog’s
own inherent activity level, the joint could be loaded differently. In other words, some
dogs will jump around in their pens or runs, as well as during controlled exercise, while
others will move around their pens/runs very little, and will only consistently move
during controlled exercise. Still others will not bear weight on the CrCL deficient limb

for a given time throughout the study. These simple differences in movement could have

rather large implications in terms of the biomechanical and pathological response of the
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joint to the instability. Another important component that is related to joint stability after

% This musculature can

CrCL transection is the effect of the periarticular musculature'
help prevent much of the instability that is created after cruciate transection. We did not
objectively examine this, but it appeared that dogs that ambulated quicker and better over
time were those with relatively well built quadriceps and hamstring musculature. All of
these are potential contributors to differences in load bearing between dogs and are
almost impossible to control. However, it is the authors’ opinion that some sort of
controlled exercise program at least partially minimizes some of these inherent
differences.

In summary, the results of our study demonstrate that the gross and histologic
pathology changes present after CrCL transection in a large group of dogs was highly
variable between dogs with respect to incidence, location, severity, and type of lesions
present. This between-subject vartation should be an important consideration when

planning to use this model for future projects, or when drawing conclusions from studies

that involve small group sizes.
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6.1 Summary

Objective. To analyze biomarkers of bone formation in the serum and synovial fluid
from a canine cranial cruciate ligament (CrCL) transection model of osteoarthritis (OA)
to determine their temporal pattern and relationship to osteophyte production.

Methods. Nineteen mature male Walker Hounds had the right CrCL transected
arthroscopically. Synovial fluid and serum samples were collected and radiographs were
taken prior to surgery, and at various time points to 126 days post-transection.
Immunoassays for bone alkaline phosphatase (BAP) and osteocalcin (OC) were used to
detect osteoblastic activity in the serum. BAP levels were also evaluated in the synovial
fluid. The ratio between the synovial fluid and serum concentrations of BAP was
calculated (BAP SF:serum) to determine the relative source of BAP in the synovial fluid.
Radiographs were scored for the presence and severity of osteophytes, and were
compared to levels of the bone formation markers.

Results. Serum concentrations of BAP and OC decreased below baseline levels after
CrCL transection, except for an early increase in OC levels at 7 days post-transection.
BAP levels in the synovial fluid from the CrCL deficient stifle were increased
significantly from baseline over time (P<0.0001), and had a significant positive
correlation to the total osteophyte score (r=0.6705, P<0.0001). The BAP concentration in
the synovial fluid from the contralateral joint was not significantly different from
baseline, and the BAP SF:serum ratio was > 1 by days 70 and 126 post-CrCL transection.
Conclusion. The results of this study suggests that after CrCL transection in the dog,

there is an increase in synovial fluid BAP levels that most likely originates directly from
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osteophyte formation, indicating that synovial fluid BAP analysis may be a potential
early biomarker of osteophyte development in the early stages of secondary OA.
6.2  Introduction

Osteoarthritis (OA) is a complex disease process that involves all components of
the joint environment, including articular cartilage, synovium, and subchondral bone.
When there is joint injury, such as rupture of the cranial cruciate ligament (CrCL —
equivalent of human anterior cruciate ligament), there are abnormal biomechanical
stresses placed on the entire joint. Invariably, this leads to loss of the articular cartilage
accompanied by osteophyte formation along the margins of the bone surface in an

attempt to stabilize the joint™'%''°,

Even though a direct relationship between the
severity of osteophyte formation and the degree of instability has not been established,
radiographic evidence of osteophyte formation in typical locations within the canine stifle
after CrCL rupture is one of the hallmarks used for the diagnosis of QA0 HITLIBLIE
Classically, most biomarkers studied in osteoarthritis have examined turnover of
collagen, proteoglycans, or other non-collagenous proteins. Few studies have used bone-
specific biomolecular markers to examine bone turnover assoctated with osteoarthritis.
Alkaline phosphatases are a group of membrane-bound glycoproteins that can
hydrolyze p hosphate esters at an alkaline pHm. In humans, the tissue specific (liver,
bone, and kidney) isoenzymes are coded by the same gene product, but differ from each
other based on post-translational modifications”’>, With traditional analysis of total
alkaline phosphatase activity, the liver- and bone-specific isoenzymes have been the most

273

abundant forms identified in human s erum The b one-specific alkaline p hosphatase

(BAP) has been localized to the vascular surface of the plasma membrane of
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27 and is released into the circulation after phospholipase cleavage from the

osteoblasts
membrane®’>. The exact role of BAP is not known, but it has been hypothesized that it
may contribute to calcification of the matrix of bone’””*’®. Through the use of either
precipitation by wheat germ lectin®®, or various immunoassays>*°>**, BAP has been
demonstrated to be a reliable serum marker of early osteoblastic activity of bone
formation. BAP has been examined in the serum of human patients with metabolic bone

279,280,282,283

disease, fractures, and cancer In human OA patients, the presence and

location of total alkaline phosphatase and/or the bone-specific isoenzyme have been

274,276,284 285-290
2

studied in bone , and the activity levels have been studied in serum and
synovial fluid (SF)**’. The activity levels of BAP have also been evaluated in synovial
fluid from horses with osteochondral fragmentation®®".

Osteocalcin (OC) is an abundant extracellular non-collagenous protein found in
bone”. Tt has been called bone Gla-protein (BGP) due to vitamin K dependent
carboxylation of its glutamic acid residues that allows it to have a selective affinity for

293-295

calcium, and to bind to hydroxyapatite crystals . OC 1s synthesized by osteoblasts,

D*%%7  The exact role of OC in bone is

which can be markedly stimulated by vitamin
not known. Most of the synthesized portion will bind to the mineral phase of bone
formation while a small portion does not bind and is released into the circulation®®®. Its
use as a specific marker of osteoblastic activity or bone formation has been
demonstrated®®® but because it serves as a link between the organic and inorganic
matrices of bone, it has been considered a marker of late osteoblastic activity, or bone

0

turnover . Using various immunoassays, the presence and levels of OC has been
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301-304 and in naturally

examined in the serum and synovial fluid from human OA patients
occurring canine OA*"”.

Most of the studies utilizing BAP and OC as biomarkers of bone formation in OA
have utilized serum and/or synovial fluid samples from patients at or close to end-stage
disease. By this stage, bones making up the joint have already developed subchondral
plate sclerosis and mature osteophytes, making it reasonable to assume that the relative
levels of bone formation markers in the serum from the response of one joint would be
relatively minimal. To the authors’ knowledge, no studies have examined OC
concentrations in the serum and BAP concentrations in the serum and synovial fluid from
the early stages of an experimental animal model of OA. The canine CrCL transection
model allows for analysis of the temporal pattern of bone formation, such as osteophytes,
in the early stages of OA. Therefore, the purpose of this study was to examine the
concentrations of BAP and OC in the serum and BAP in the synovial fluid from dogs that
had unilateral CrCL transection and compare these concentrations to the radiographic
findings. Our hypothesis was that the serum levels of BAP and OC would not differ from
baseline after CrCL transection, and that the BAP levels in synovial fluid would increase
and correlate with osteophytic progression.

6.3  Materials and methods

6.3.1 Experimental design. Nineteen purpose-bred adult male Walker Hounds
with a mean + SD weight of 22.42 + 2.39 kg (range, 19-28.5 kg) were studied. These
dogs were the placebo control group in a larger study of a novel therapeutic agent.

Inclusion criteria required the dogs to be free of pre-existing orthopedic disease of the
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stifles (equivalent to the human knee) based on routine physical, orthopedic, lameness,
radiographic, and force plate examinations.

All dogs were anesthetized, and the right hind limb was prepared for aseptic
surgery. A lateral parapatellar arthroscopic approach to the right stifle was used to
examine the joint for the presence of any intra-articular pathology of the articular
cartilage, cruciate ligaments and menisci. The CrCL was then transected arthroscopically
using a meniscectomy blade (Chapter 2). Analgesia was administered via a 5 mg
fentanyl patch (2.0 ng/kg/hr) that was applied the day before surgery and was maintained
for 72 hours post-operatively. Morphine (1 mg/kg subcutaneously) was also
administered post-operatively for pain, as needed. Cephalexin (Keflex) was administered
intravenously during surgery and was continued orally (10 mg/kg) every 12 hours for 3
days to prevent infection. Throughout the study, all dogs were housed in individual runs.
The animals were closely monitored during the first 48 hours post-operatively for any
signs of pain, infection, anorexia, or intestinal complications. To encourage the
development of OA, dogs were placed in an exercise protocol that required leash walking
for 30 minutes every day for 5 days/week from the second day post-operatively until 126
days post-operatively.

All dogs were obtained through approved sources by the Colorado State
University Laboratory Animal Resources, and the study was conducted under a protocol
approved by the Colorado State University Animal Care and Use Committee.

6.3.2 Sample collection. Blood samples were collected in the morning, from
the jugular vein prior to surgery (Day 0), one and two weeks post-operatively, followed

by every 2 weeks thereafter until day 126. Samples were placed in serum separator tubes
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and were allowed to clot at room temperature for approximately 30 minutes. The
samples were then centrifuged for 10 minutes at 2,500 rpm. Synovial fluid samples were
collected from both stifles using a lavage method where 5 ml of sterile saline was
injected into the joint. The limb was then manipulated for 1-2 minutes to ensure adequate
mixing of the saline and the synovial fluid prior to aspiration of as much synovial fluid as
possible. Fluid was collected prior to surgery, and then again at 14, 70, and 126 days
post-operatively in serum separator tubes. The samples were placed immediately on ice
after collection and were centrifuged at 4 C for 10 minutes at 2,500 rpm. The serum and
synovial fluid samples were then split into multiple aliquots with the interval between
sample collection and freezing at -80 C being under 3 hours. All fluid samples were kept
at -80 C until assayed. Most samples used for BAP analysis had 2 freeze/thaw cycles
during sample analysis, with synovial fluid from the non-operated limb having as many
as 4, due to less sample volume. A previously unthawed serum aliquot for each dog for
each measurement period was used for osteocalcin analysis.

6.3.3 Radiographic analysis. Imaging procedures were performed with each
dog sedated with a combination of acepromazine (0.05 mg/kg), butorphanol (0.2 mg/kg),
and glycopyrolate (0.005 mg/kg) administered intramuscularly. Radiography was
performed prior to synovial fluid aspiration to prevent artifacts due to arthrocentesis.
Extended mediolateral and craniocaudal radiographs of both stifles were made prior to
transection and then 14, 28, 70, and 126 days post-transection using computed
radiography (CR). To quantify the radiographic osteophytic changes that occur after
CrCL transection, the authors modified a previously reported numerical scoring system

that assigned grades of 0, 1, 2, or 3 based on the presence and size of the osteophytes
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presentm. The following locations were examined for the presence of osteophytes or
enthesophytes by a board-certified radiologist (RDP): proximal and distal patella, femoral
trochlear ridges, medial and lateral tibial condyles, caudal proximal tibia, tibial
intercondylar eminence, medial and lateral femoral condyles, and the insertion of the

CrCL ligament (Figure 6.1). A total osteophyte score was then determined for each joint

for each examination, by addition of the individual scores.

Figure 6.1. Craniocaudal (A) and mediolateral (B) radiographic views of one dog at day 126 post-
CrCL transection using computed radiography. Arrows point out the presence of osteophytes that were
graded as 1-3 based on size, and then summed to achieve the total osteophyte score for each joint of
each dog for each examination. The total osteophyte score for this dog was 16. The lead marker (R) on
the craniocaudal radiograph (A) indicates lateral. The locations of osteophyte production shown here
include (counterclockwise from the medial femoral condyle in A): medial femoral condyle, medial
tibial plateau, tibial intercondylar eminence, lateral tibial plateau, CrCL insertion, caudal proximal tibia,
femoral trochlear ridges, proximal patella, and the distal patella.

6.3.4 Molecular biomarker for bone alkaline phosphatase analysis. Early
osteoblastic activity was evaluated by measuring serum and synovial fluid levels of BAP

using a commercially available ELISA (Metra™ BAP, Quidel Corporation, San Diego,
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CA). This is an immunoassay based on a monoclonal antibody specific for human BAP.
Cross-reactivity of the antibody to dog serum has been demonstrated by the
manufacturer. Briefly, 125 pl of the assay buffer containing magnesium chloride, zinc
sulfate, surfactant, and sodium azide was added to each coated well. This was followed
by 20 pl of standards, high/low controls of BAP purified from human osteosarcoma
SAOS-2 cells, or serum/synovial fluid samples added to the appropriate wells. All serum
and synovial fluid samples were assayed at neet. The microtiter plate was incubated for 3
hours at room temperature. After washing, 150 pl of a p-Nitrophenyl Phosphate (pNPP)
substrate solution was added to each well, and the plate was incubated for 30 minutes at
room temperature. Then, 100ul of stop solution (1IN NaOH) was added to each well.
Within 15 minutes, the absorbance at 405 nm was measured in a microplate reader °
(Dynex Technologies GmbH, Denkendorf, GER), and the concentration of the unknown
samples was determined by constructing a standard curve from absorbances of the
standards with known concentrations of the BAP. Interassay coefficient of variation
(CV) was < 9% for the serum and < 11% for the synovial fluid.

6.3.5 Molecular biomarker for osteocalcin analysis. Late osteoblastic
activity was evaluated by measuring serum levels of intact osteocalcin only, using a
commercially available ELISA (Biomedical Technologies, Inc., Stoughton, MA). This
immunoassay is a sandwich ELISA based on monoclonal antibodies directed toward the
amino- and carboxy- terminal regions of the intact 49 residue human protein. Cross-

reactivity of the antibodies to dog serum has been demonstrated by the manufacturer.
Briefly, 25 pl of diluent buffer (blank), standards, controls, and serum samples were

added to the appropriate coated wells of the microtiter plate. Most serum samples were
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analyzed at 1:3 dilution, with others being analyzed at 1:5, 1:2 or neet, as required. Then,
100 pl of the osteocalcin antiserum (biotinylated antibody to human osteocalcin) was
added to each well. T he microtiter p late was incubated for 2.5 hours at 37 C. A fter
washing, 100 pl of Streptavidin-Horseradish Peroxidase reagent was added to all wells,
and the plate was incubated for 30 minutes at room temperature. Then 100 pl of a TMB
(3,3°,5,5" Tetramethylbenzidine), hydrogen peroxide solution was added to all wells and
incubated in the dark for 10 minutes at room temperature. Finally, 100 ul of stop
solution (2M H,S0,) was added to each well. The absorbance at 450 nm was measured
in a microplate reader (Dynex), and the concentration of the unknown samples were
determined by subtracting the blank from all of the wells, and constructing a standard
curve from absorbances of the standards with known concentrations. No interassay CV
was performed due to financial considerations.

To determine the relative concentrations of BAP in the synovial fluid compared to
the serum, a ratio of BAP synovial fluid values from the right CrCL transected limb was
compared to the values in the serum (SF:serum) for each dog at each sampling point.

6.3.6 Statistical analysis. All data were expressed as the mean+ SD unless
otherwise specified. The distribution of the data in the serum and synovial fluid BAP,
serum OC, and total osteophyte score were assessed using the Kolmogorov-Smirnov test.
Serum and synovial fluid from the right CrCL deficient stifle were normally distributed
for BAP. Data for BAP values in the contralateral stifle, as well as the SF:serum ratio for
BAP had to be transformed using the square root transformation to result in

normalization of the data. The serum OC data had to be logarithmically transformed to
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result in normalization of the data. Since the radiographic data was based on a subjective
scoring system, it was non-parametric, and could not be normalized with transformations.

For each serum and/or synovial fluid data set, the overall effect of time was
analyzed using a repeated measures ANOVA on the normalized data. Additional post-
hoc Tukey’s multiple comparisons tests were performed on each significant data set to
determine significant differences between measurement periods. For the total osteophyte
scores, Kruskal-Wallis analysis was performed using a Dunn’s post-hoc test to determine
significant differences between measurement periods. Correlations between and within
the serum and synovial fluid markers of BAP and OC were assessed using Pearson
correlation coefficient analysis on the normalized data. Correlations of the serum and
synovial fluid values of BAP and OC to the total osteophyte score were performed using
the Spearman Rank correlation analysis. Stepwise multiple regression was performed
using BAP concentrations from the right CrCL deficient stifle as the dependent variable
with each individual osteophyte location as the independent variables, knowingly
violating the assumption of normality. A value of P<0.05 was considered significant for
all analyses. All statistical analyses were performed using SAS software (SAS Institute,
Cary, NC).
6.4  Results

6.4.1 Serum bone alkaline phosphatase and osteocalcin. The BAP
concentrations in the serum were decreased significantly from baseline at 28 days
(P<0.05), 42 days (P<0.05), 56 days (P<0.001), 70 days (P<0.05), and 84 days (P<0.05),
and 126 days (P<0.001) post-CrCL transection (Figure 6.2). Serum OC significantly

peaked at 1.1 fold higher than baseline at day 7 (P<0.05) and then was decreased
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significantly below baseline at 84 days (P<0.01) and 112 days (P<0.05) post-CrCL

transection (Figure 6.2).

Serum BAP Serum Osteocalcin
(P<0.0001) (P<0.0001)
304 3
E
o 204 >
= B
o >
< o
o 104 (_J
o

0 7 14 28 42 56 70 84 98 112126 0 7 14 28 42 56 70 84 98 112126
Days Post-Transection Days Post-Transection

Figure 6.2. Mean (+ SD) serum values for BAP (A) and OC (B). The P value for overall effect of time
is listed on each graph, and was determined by a repeated measures ANOVA, using Tukey’s post-hoc
test for comparison of values to baseline (Day 0). Significant differences from baseline are represented
as * P<0.05, ** P<0.01, and *** P<0.001.

6.4.2 Synovial fluid bone alkaline phosphatase. The BAP concentration in
the synovial fluid from the CrCL deficient stifle, increased significantly above baseline
throughout the entire study, with concentrations 3.8 fold higher (P<0.01) at 14 days, 7.3
fold higher (P<0.001) at 70 and 126 days post-CrCL transection compared to baseline
(Figure 6.3). The BAP concentration in the synovial fluid from the contralateral stifle did
not reveal any significant differences from baseline concentrations (Figure 6.3).

The ratio of the BAP concentrations in the synovial fluid from the right CrCL
deficient stifle to the serum (SF:serum), increased significantly above baseline
throughout the entire study, with concentrations 3.4 fold higher (P<0.001) at 14 days, 8.3
fold higher (P<0.001) at 70 days, and 8.9 fold higher (P<0.001) at 126 days post-CrCL

transection compared to baseline (Figure 6.3). The ratio was < 1 for all of the dogs prior
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to (baseline) and 14 days after CrCL transection. Ratios were > 1 for 42% (8/19) of the
dogs at 70 and 126 days post-CrCL transection, with a maximal ratio of 2.3 in one dog at

126 days (Figure 6.3).
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Figure 6.3. Individual BAP synovial values from the right CrCL transected stifle (A), the
contralateral stifle (B), and the ratio between the BAP concentrations from the synovial fluid from
the operated limb and serum (BAP SF:serum) (C). The transverse bar represents mean values. The
P value for overall effect of time is listed on each graph, and was determined by a repeated
measures ANOVA, using Tukey’s post-hoc test for comparison of values to baseline (Day 0).
Significant differences from baseline are represented as * P<0.05, ** P<0.01, *** P<0.0001, for
(A) and (C), but in (B) there were no statistical differences from baseline, therefore comparisons
are shown to day 14 to explain the overall significant effect.
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6.4.3 Radiographic analysis. The total osteophyte score increased from
baseline throughout the entire study, with a significant 15.3 fold elevation starting at 28
days (P<0.001), 35.8 fold increase at 70 days (P<0.001) and 67.7 fold increase at 126

days (P<0.001) post-CrCL transection when compared to baseline (Figure 6.4). Stepwise

Day Pat Pat Fem Tib Tib Tib Tib Fem Fem CrCL Total
Distal Prox Tr LPlat  MPlat Cd InCon L Con MCon  Insert
0 0.11 0.05 0 0 0 0 0 0.05 0 0 0.21
+0.46 +0.23 +0.23 +0.92
14 0.16 0.11 0.11 0 0.05 0 0 0.05 0 0 0.47
+0.50 +0.32 +0.32 +0.23 +0.23 +1.17
28 042 0.16 042 0.05 0.11 0 0.05 0.11 0 0.05 1.37
+0.61 + (.37 +0.51 +0.23 +(.32 +(0.23 +0.32 +0.23 +1.61
70 1.11 0.47 1.21 037 0.37 0.11 1.42 0.11 0.05 0.47 5.68
+0.57 +0.70 +0.54 +0.50 +0.60 +0.32 +0.96 +0.32 +0.23 +0.61 +3.09
126 1.89 1.05 1.95 0.95 1.42 0.74 2.11 0.68 0.68 0.89 12.37
+0.66 +0.71 +0.71 +062 077 £056 +099 +058 £0.75 +0.57 +3.52
Total Osteophyte Score Figure 6.4. Table and graph of mean (= SD)
Operated osteophyte scores (0-3) for each location
identified on radiographs for each examination
(P<0.0001) period (Day 0, 14, 28, 70, and 126). The P

value for overall effect of time is listed on the
graph, and was determined by Kruskal-Wallis
analysis, using Dunn’s post-hoc test for
comparison of values to baseline (Day 0).
Significant differences from baseline are
represented as *** P<0.001.

Pat = patella, Tib = tibia, Fem = femur, Prox =
proximal, Tr = trochlear ridges, LPlat = lateral
plateau, MPlat = medial plateau, Cd = caudal,

N
o
I}

Total Radiographic
Osteophyte Score
=

InCon = intercondylar eminence, LCon =
0. lateral condyle, MCon = medial condyle, and
0 14 28 70 126 Insert = insertion.

Days Post-Transection

multiple regression identified a significant relationship between the presence and severity

of osteophytes along the femoral trochlear ridges, intercondylar eminence of the tibia,
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and the caudal tibia and the concentration of BAP in the synovial fluid of the right CrCL
deficient stifle (> = 0.5049, P<0.0001).

6.4.4 Correlations. The BAP concentration in the synovial fluid from the
CrCL deficient stifle positively correlated with the ratio of BAP SF:serum (r=0.9226,
P<0.0001) (Table 6.1). The total osteophytic radiographic score positively correlated
with the BAP concentration in the synovial fluid from the CrCL deficient stifle
(r=0.6705, P<0.0001) as well as the ratio of BAP SF:serum (r=0.6494, P<0.0001) (Table
6.1). The concentration of BAP in the serum positively correlated with the concentration

of OC in the serum (r=0.3095, P<0.0001) (Table 6.1).

S-BAP S-0C SF-BAP BAP SF:serum Rad Score

S-BAP 1.000 0.3095 -0.0290 -0.2385 -0.2417
(P<0.0001) (P=0.0484) (P=0.0183)

S-OC 1.000 -0.1819 -0.1764 -0.1965

SF-BAP 1.000 0.9226 0.6705
(P<0.0001) (P<0.0001)

BAP SF:serum 1.000 0.6494
(P<0.0001)

Rad score 1.000

Table 6.1. Correlations between the serum (S) and synovial fluid (SF) concentrations from the right CrCL
transected stifle of BAP, its SF:serum ratio, OC and the total osteophyte score (Rad score). Pearson
correlation coefficients are reported for the S-BAP, S-OC, SF-BAP, and BAP SF:serum biomarkers,
whereas Spearman rank correlation coefficients are reported for the total osteophyte score. Only
significant P values (P<0.05) are listed in parentheses under its respective correlation coefficient that is
highlighted in bold.
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6.5  Discussion

In the mammalian body, bone goes through a finely regulated flux of formation
and resorption to react and respond to the stresses placed on the skeleton from normal
movement, as well as after injury. This osseous response can be monitored in various
disease processes using biomolecular markers. Biomolecular markers of bone formation,
such as BAP and OC have traditionally been measured in the serum of patients with

279280282283 Thege are all disease processes

fractures, cancer, or metabolic bone diseases
in which there should be a major response of the bone that can be easily detected by the
serum. However, arthritic conditions usually have to involve more than one joint in order
to result in detectable changes in the serum concentrations of biomarkers. This will
generally occur in rheumatoid arthritis (RA), but rarely in OA secondary to trauma.
Therefore, most of the studies examining the evaluation of BAP and OC levels in serum
have involved humans with RA, and fewer have examined samples from OA

287,288,302303  The concentrations of OC in the serum from human OA patients

patients
have been reported to be below those in non-arthritic humans when there is no evidence
of subchondral bone destruction® 02, and similar to levels in normal humans when there is
evidence of radiographic destruction®**%. In naturally occurring CrCL rupture in dogs,

serum OC levels were significantly higher than controls’

. This wide range of findings
may reflect the subtle differences present between the stage of OA present in each group
studied. In addition, lability and susceptibility of the OC molecule to fragmentation, as
well as variability between assays in which fragments are examined can also lead to these

conflicting results**.
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In our experimental OA model, we identified an early and significant elevation in
serum OC concentrations 7 days after CrCL transection, followed by a return to normal,
until it significantly decreased from baseline on days 84 and 112 post-CrCL transection.
This increase was unexpected, since by one week after CrCL transection there was no
evidence of any major changes to the bone such as osteophytes or subchondral changes
that could be identified. The increase could be due to the acute difference in weight-
bearing and use of the limb that occurs following CrCL transection'*®, or associated with
the exercise program that was started in these dogs 2 days post-operatively, both of which
may have had an effect on the overall bone response in the rest of the body. The decrease
in OC concentrations from baseline during the later stages of our study could be
reflective of increased diffusion into the synovial fluid in response to osteophyte
progression, increased fragmentation, with the intact molecule no longer being present, or
increased clearance by the kidney.

The serum total alkaline phosphatase activity has been measured in human OA

BBT a5 well as from dogs with naturally occurring CrCL rupturezw. In these

patients
BAP the specific isoenzyme concentrations were being determined from wheat germ
lectin precipitation, electrophoresis, or other immunoassay methods, resulting in potential
cross-reactivity with the liver i soenzyme®®. S erum total alkaline p hosphatase activity
has been reported to be normal in naturally occurring CrCL rupture in dogs®'’, as have

289

the specific BAP levels in human OA patients™ . Similar to the OC studies, these studies

examined alkaline phosphatase levels at the end-stage of the OA process as opposed to
the acute phases reported in our study. We identified significant decreases from baseline

in the serum levels of BAP, starting at day 28 and throughout most of the remainder of
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the study and hypothesize that these decreases in serum BAP levels might be related to
increased diffusion into the synovial fluid in response to an increase in osteophyte
formation. Since synovial fluid is an ultrafiltrate of plasma, the potential exists that in
order for osteophytes to form, diffusion of BAP from the blood must increase to
adequately provide the necessary amounts of BAP.

To the authors’ knowledge, this is the first study to examine BAP concentrations
in the synovial fluid after cruciate ligament disruption in the dog. Total alkaline
phosphatase levels in the synovial fluid have been reported from calcium pyrophosphate
crystal deposition disease®”’, and comparing human OA and RA patients®’. In addition,
increased levels of BAP have been reported in synovial fluid from joints with naturally
occurring osteochondral fragmentation compared to the contralateral joints in horses®".
Our study indicates that BAP levels in the synovial fluid significantly increased above
baseline 2 weeks after CrCL transection and continued to rise throughout the remainder
of the study whereas, the BAP concentration in the synovial fluid from the contralateral
stifle did not differ from baseline throughout the study. SF:serum ratios were calculated
in an attempt to distinguish whether the synovial fluid content was likely elevated due to

local production or via diffusion from the plasma®’.

Prior to CrCL transection, when
BAP ]evels were assumed to be normal in the s erum and s ynovial fluid, s erum levels
were higher than the synovial fluid levels. This suggests that most of the BAP found in
the synovial fluid in a normal joint, likely diffused from the blood into the joint. This
trend continued two weeks after CrCL transection, but from day 70 post CrCL transection

to the end of the study, the synovial fluid levels became higher than the serum in 42% of

the dogs. T his s witch, c ombined with no ¢ hanges from b aseline in the synovial fluid
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BAP concentrations from the contralateral stifle suggests that there was local production
of BAP within the joint.

In previous reports that have utilized this model, the earliest osteophytic changes
that have been identified either grossly or histologically, occurred by 2-4 weeks after

injury'®!862%  with the earliest radiographic evidence present between 4-5

100308309 " Sabistan, et al. demonstrated, via gross and magnetic resonance (MR)

weeks
imaging, that osteophytes first appeared by 4 weeks after injury, then increased in size up
to 32 weeks, after which the rate of progression decreased'®®. This would tend to indicate
that the most likely active early source of bone formation markers after CrCL disruption
would be osteophytes and rather than subchondral bone. Any major change to
subchondral bone formation, as identified by biomarker analysis, at this stage of the
disease process would be expected to be detected in the serum and not the synovial fluid,
since subchondral bone is not exposed to the synovial fluid unless full thickness articular
cartilage erosion is present.

In our study, computed radiography was used to demonstrate an increasing
production of osteophytes that could be quantified, allowing documentation of the
progression in size and location over time, as previously reported'’!. We found a
significant positive correlation between our total osteophyte score and the BAP
concentrations in the synovial fluid from the CrCL deficient stifle (r=0.6705). In
addition, multiple regression was used to identify that 3 of the scores for osteophyte
locations represented approximately 50% of the variation in the synovial fluid BAP

levels. The potential exists for BAP concentrations in the synovial fluid to be used as an

early biomarker of osteophyte formation with more sensitivity than radiographs.
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However, we did not examine enough time points in the synovial fluid to be able to
definitively make this conclusion.

The e xact role and mechanism o f B AP and O C in o steophyte formation is not
completely understood. Our study, as well as others"'%!"® have demonstrated that
osteophytes have resulted from joint instability created by CrCL transection, but the
direct relationship has been poorly understood. We theorize that the instability could be

responsible for stimulating anabolic growth factors such as transforming growth factor-8

(TGF-B), since its active form has been shown to be present in high levels with enhanced

1031 1n addition, injection of

mechanical loading and excessive tissue damage
recombinant TGF-f into murine stifles has resulted in sustained over expression and
origination of osteophyte formation from the periosteum in locations similar to those seen
with OA’'%3'2, Therefore, it is likely that instability causes increased TGF-P activity that
is at least partially responsible for the stimulation of periosteum in generating
chondrophytes that c an undergo a process similar to e ndochondral o ssification ( Figure
6.5)'*!'"° " During endochondral ossification, vascular infiltration has been shown to be

313,314

linked to differentiation of chondrocytes , and is associated with®'> and maybe even

precede osteophyte development®®. In osteophytes, hypertrophic chondrocytes have

been shown to express vascular endothelial cell growth factor (VEGF)*'®

which helps
regulate chondrocyte differentiation and triggers cartilage remodeling’’. VEGF may,
therefore, stimulate angiogenesis in response to TGF-f in osteophytes. This vascular
mvasion has been linked to apoptosis of differentiated chondrocytes by endothelial-
derived nitric oxide (NO) around the blood vessels, resulting in recruitment of osteoblasts

and the formation of mineralizing matrix vesicles (Figure 6.5)°16718,
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Figure 6.5. Schematic representation of potential pathways and involvement of BAP and OC in
osteophyte formation. The dotted lines represent release of OC, BAP, and CPII into either the serum or
synovial fluid. The matrix vesicle represents the general location around which the BAP, CPII, OC,
PO, and Ca'" are located. TGF-B = Transforming growth factor-beta, VEGF = vascular endothelial
growth factor, NO = nitric oxide, BAP = bone alkaline phosphatase, OC = osteocalcin, CPII = carboxy-

propeptide of type Il collagen, PO, = phosphate, Ca™" = calcium, C = carboxy

Bone alkaline phosphatase has been located on the vascular surface of the plasma
membrane of osteoblast5274, extending into the newly formed matrix vesicles®’’, whereas
osteocalcin is synthesized within the osteoblast by vitamin D stimulation®*®*’. Alkaline
phosphatase concentrations have been shown to be elevated around matrix vesicles in the

hypertrophic zone of endochondral ossification®’’~'>. Most of the calcification in a

growth plate occurs around these matrix vesicles due to the presence of focal
concentrations of proteoglycans as well as the carboxy-propeptide of type II collagen
(CPID?"®32° CPII is cleaved from the procollagen molecule of type II collagen shortly

after synthesis, and accumulates next to the matrix vesicles, where alkaline phosphatase
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is located, as well as focal accumulation of OC and calcium®’®. The CPII has been
hypothesized to activate the BAP such that is mobilizes soluble inorganic phosphate
which then reacts with calcium, resulting in mineral formation of hydroxyapatite’’®. This
process is likely further enhanced by vitamin K activation of OC, giving it selective

293295 Adding credence to

affinity for calcium, and allowing it to bind to hydroxyapatite
this explanation, we compared the synovial fluid BAP levels in our study to the synovial
fluid CPII levels in the same dogs (Chapter 7), and found a significant positive
correlation (r=0.5134, P<0.0001). The exact mechanism for release of BAP, CPII and
OC from osteoid is not completely understood, but it is reasonable to assume that since
osteophytes have a large vascular supply, and are exposed to the synovial fluid, that all
three molecules could be cleared into either fluid (Figure 6.5).

The bone markers evaluated in this study have been reported to vary in their
levels in body fluids depending upon breed, age, sex, time of day, season, renal or hepatic

21322 These potential sources of variability were

function, and sample handling
minimized in our study, as our dogs were shown to have normal renal and hepatic
function via hematologic exam, and all dogs were the same breed, age, and sex. In
addition, all of the serum samples were collected at the same time of day and were
processed quickly, with no excess in freeze/thaw cycles. The synovial fluid was
collected by lavage technique to ensure enough synovial fluid for multiple biomarker
analysis. The disadvantages of the lavage technique are that the volume of fluid within

the joint is unknown, and it has the p otential to a ffect the metabolism of the articular

tissues. We feel that these concerns were minimized by the length of time between
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collection periods and the fact that all of the joints were similarly treated for each dog at
each time period.

In summary, we identified decreased levels of BAP and OC biomarkers from
baseline in the serum, except for an early increase in O C levels at 7 d ays a fter CrCL
transection in dogs. The BAP concentration in the synovial fluid of the CrCL deficient
stifle increased over time, and positively correlated with the total osteophyte score. The
increased ratio of BAP SF:serum by days 70 and 126 post-transection, combined with the
lack of significant difference from baseline in the contralateral stifle, suggests that the
BAP in the synovial fluid is being locally produced by newly forming osteophytes.
These results suggest that the evaluation of BAP levels in the synovial fluid has the
potential to be a sensitive indicator of osteophyte development in the early stages of

secondary OA.
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7.1 Summary

Objective. To determine the temporal patterns and amount of type II collagen synthesis
and degradation, as well as estimate type I collagen degradation and proteoglycan
turnover by the use of biomarkers in a canine cranial cruciate ligament (CrCL)
transection model of osteoarthritis.

Methods. Nineteen mature male Walker Hounds had the right CrCL transected
arthroscopically. Synovial fluid and serum samples were collected prior to surgery, and
then at various points post-transection. ELISAs were used to detect the carboxy-
propeptide of type II collagen (CPII), type II collagen degradation (234CEQ), and type I
and II collagen degradation (COL2-3/4Cgort) products in the serum and synovial fluid,
from which type I collagen degradation was calculated (COL2-3/4Cgport - 234CEQ). The
amount of proteoglycan turnover (sGAG) was also determined in the serum and synovial
fluid. Cross-reactivity of the 234CEQ antibody with canine articular cartilage was
analyzed.

Results. Serum concentrations of all biomarkers significantly decreased below baseline,
except for the 234CEQ levels, which significantly increased by day 126 post-CrCL
transection. The synovial fluid CPII, COL2-3/4Cg and type I collagen levels in the
CrCL deficient stifle increased significantly above baseline by day 14 p ost-transection
and then decreased over time. The synovial fluid 234CEQ levels increased over time, but
were not statistically different from baseline, and sGAG levels increased above baseline,
reaching a significant peak by day 126. T ype I1 s ynthesis and d egradation w ere b oth
increased after CrCL transection, with synthesis predominating early and degradation

predominating at the end of the study. Type I collagen degradation products were greater
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than type II collagen degradation products in the synovial fluid, and predominated early
whereas type II collagen degradation products predominated at the end of the study.
Conclusion. The ELISAs for CPII, 234CEQ, and COL2-3/4Cg,ort can all be used to
monitor the temporal pattern and levels of type II collagen synthesis and degradation, and
combined type I and II collagen degradation, respectively, as well as to estimate type I
collagen degradation from the synovial fluid and serum of dogs with CrCL transection.
7.2 Introduction

In the mammalian body, collagen is an abundant protein, compromising
approximately 60% of the dry weight of articular cartilage with type II collagen
accounting for 90% of the collagen content'®. Type I collagen is also abundant in other
articular tissues such as the menisci, ligaments, joint capsule, and subchondral bone.
These collagens are responsible for providing strength and structure to these tissues.
Proteoglycans function to arrest the flow of interstitial water when an external force is
applied by forming large aggregates interspersed between the collagen fibrils. In a
normal joint environment, homeostasis occurs between synthesis and degradation of type
IT collagen proteoglycan. However, when there are abnormal biomechanical stresses
applied to the joint due to injury, such as rupture to the cranial cruciate ligament (CrCL —
canine equivalent of the human anterior cruciate ligament), secondary osteoarthritis (OA)
often develops®?. The homeostatic balance changes, with catabolism of type II collagen
and proteoglycan predominating. Biomolecular markers allow identification of the
relative degree and temporal pattern of synthesis and degradation related to joint injury.

During fibril formation of type II collagen, the procollagen molecule is secreted

from the chondrocytes into the extracellular matrix (ECM) with its helical carboxy- (C-)
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and amino- (N-) propeptide extensions still attached. These propeptides are then cleaved
and released from the tropocollagen molecule by specific C- and N- proteinases, allowing
the tropocollagen molecule to get incorporated into collagen fibril formation (Figure 7.1)
324325 T he type II collagen C -propeptide is e quivalent to the ¢ alcium-binding p rotein
chondrocalcin®®, and its content and release from the cartilage matrix has been directly
correlated with type II collagen synthesis®*>. Through the use of radioimmunoassays
(RIA)**"??® and ELISA®?, the relative location and/or concentrations of the C-propeptide
in cartilage’°, synovial fluid*******'*** and serum®****® of humans with OA and
rheumatoid arthritis (RA) have been reported to represent disease-induced changes in
type II collagen synthesis compared to controls.

Degradation of collagen and turnover of proteoglycan are presumed to be
primarily initiated by pro-inflammatory cytokines that can cause up-regulation and
activation of zinc dependent endopeptidases, called matrix metalloproteinases (MMPs).
The collagenases (MMP -1, -8, and -13)°"% as well as the membrane bound MT1-MMP
(MMP-14)°! have been shown to cleave the fibrillar collagen triple helix at a specific site
(Glyy7s-Leu/Iles76) approximately three fourths of the distance from the amino- terminal
end of each o chain, resulting in the generation of a new three-quarter length fragment

(TC*) and one-quarter length fragment (TCP)*-361:62,

As a result of this cleavage,
specific peptide sequences that were not accessible in the intact molecule (neoepitopes)
on the new C-terminal end of the ¥ fragment now become exposed (Figure 7.1).

A polyclonal (COL2-3/4C¢or)®> and a monoclonal (9A4)** antineoepitope

antibody have been developed and shown to recognize the TC* fragments of type I and II

collagens in humans®, and hamsters®’. By lengthening the peptide sequence recognized
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Figure 7.1. Schematic of collagen synthesis and degradation. The procollagen molecule of type
II collagen is secreted extracellularly with amino- (N-) and carboxy- (C-) propeptides still
attached. Each are cleaved off of the tropocollagen molecule by their respective proteinase prior
to the tropocollagen incorporation into the collagen fibril. The carboxy-propeptide (CPII) is then
released into cartilage, followed by the proximal body fluids, in which it can be identified and
quantified using a polyclonal antibody to give an estimate of type II collagen synthesis. The
collagenases (MMP -1, -8, and -13) as well as MMP-14 are capable of cleaving the collagen
triple helix into a ¥ amino- fragment (TC*) and a % carboxy- fragment (TC®). This cleavage
exposes neoepitopes on the C- terminal end of the % fragment that are not exposed in the
uncleaved molecule. These fragments are released into the proximal body fluids and can be
identified using the polyclonal antibodies COL2-3/4Cg. and 234CEQ. The neoepitope
recognized by COL2-3/4Cgy,, represents both type I and II collagen cleavage, whereas the
neoepitope recognized by 234CEQ represents only type II collagen cleavage. (Adapted from
Manicourt, et al. 1999, and Billinghurst, et al. 1997, and 2001)

by the COL2-3/4Cshore antibody in the N-terminal direction, a type II collagen specific
antineoepitope antibody was developed for humans (COL2-3/4Ciong) (Billinghurst,
unpublished data). However, there was poor reactivity with this polyclonal antibody for

cleaved equine type II collagen223 , and in our preliminary studies of canine type II
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collagen degradation. Billinghurst, et al. developed an e quine specific type I1 collagen
antineoepitope antibody (234CEQ) that was based on a Glu-Asp substitution present in
the peptide sequence of the immunogen to make it more equine specific, compared to the
human sequence®. Since the peptide sequence for canine type II collagen is exactly the
same in this region as that in the horse, we thought that cross-reactivity of the 234CEQ

336,337

polyclonal antibody with canine type II collagen was likely . Immunostaining has

1dentified the relative location and/or concentrations of the COL2-3/4Cgort and 234CEQ

223,338-340 60,62,223,231,242

antineoepitope antibodies in articular cartilage , and in culture media ,
using an ELISA**!.

During the process of OA, the C-propeptide, collagen neoepitopes, as well as
proteoglycan fragments are released from articular cartilage into the synovial fluid and
eventually blood. Therefore, the aim of this study was to utilize the CPII, COL2-
3/4Cson, and 234CEQ antibodies in ELISAs for quantitation of the C-propeptide,
combined type I and II collagen and type II collagen specific collagenase cleavage
fragments, respectively, in the synovial fluid and serum of cranial cruciate deficient dogs
to be able to distinguish the relative amounts and temporal patterns of synthesis and
degradation. The difference between the concentrations of COL2-3/4Cg,0x and 234CEQ
in both fluids was also used to estimate the relative amounts of types I collagen
degradation during the acute stages of OA secondary to CrCL transection, and
quantification of sulfated glycosaminoglycans (sGAG) was performed to estimate the
proteoglycan turnover in both fluids. Our hypothesis was that both type II collagen

synthesis and degradation would increase after CrCL transection, with synthesis

diminishing and degradation predominating over time.
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7.3  Materials and methods

7.3.1 Experimental design. Nineteen purpose-bred adult male Walker Hounds
with a mean + SD weight of 22.42 + 2.39 kg (range, 19-28.5 kg) were used for this study.
These dogs formed the placebo control group in a larger study evaluating a novel
therapeutic agent for arthritis. Inclusion criteria required the dogs to be free of pre-
existing orthopedic disease of the stifles (equivalent to the human knee) based on routine
physical, orthopaedic, lameness, radiographic, and force plate examinations.

All dogs were anesthetized, and the right hind limb was prepared for aseptic
surgery. A lateral parapatellar arthroscopic approach to the right stifle was used to
examine the joint for the presence of any intra-articular pathology\ of the articular
cartilage, cruciate ligaments and menisci. The CrCL was then transected arthroscopically
using a meniscectomy blade (Chapter 2). Analgesia was administered via a 5 mg
fentanyl patch (2.0 ng/kg/hr) that was applied the day before surgery and was maintained
for 72 hours post-operatively.  Morphine (1 mg/kg subcutaneously) was also
administered post-operatively for pain, as needed. Cephalexin (Keflex) was administered
intravenously during surgery and was continued orally (10 mg/kg) every 12 hours for 3
days to prevent infection. Throughout the study, all dogs were housed in individual runs.
The animals were closely monitored during the first 48 hours post-operatively for any
signs of pain, infection, anorexia, or intestinal complications. To encourage the
development of OA, dogs were placed in an exercise protocol that required leash walking
for 30 minutes every day for 5 days/week from the second day post-operatively until 126

days post-operatively.
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All dogs were obtained through approved sources by the Colorado State
University Laboratory Animal Resources, and the study was conducted under a protocol
approved by the Colorado State University Animal Care and Use Committee.

7.3.2 Sample collection. Blood samples were collected in the morning from the
jugular vein prior to surgery (Day 0), one and two weeks post-operatively, followed by
every 2 weeks thereafter until day 126. Samples were placed in serum separator tubes
and were allowed to clot at room temperature for approximately 30 minutes. The
samples were then centrifuged for 10 minutes at 2,500 rpm. Synovial fluid samples were
collected from both stifles using a lavage method where 5 ml of saline was injected into
the joint. The limb was then manipulated for 1-2 minutes to ensure adequate mixing of
the saline and the synovial fluid prior to aspiration of as much synovial fluid as possible.
Fluid was collected prior to surgery, and then again at 14, 70, and 126 days post-
operatively in serum separator tubes. The samples were placed immediately on ice after
collection and were centrifuged at 4 C for 10 minutes at 2,500 rpm. The serum and
synovial fluid samples w ere then split into multiple aliquots with the interval between
sample collection and freezing at -80 C being under 3 hours. All samples were kept at -
80 C until assayed. Most samples had 2 freeze/thaw cycles during sample analysis, with
synovial fluid from the non-operated limb having as many as 4, due to less sample
volume.

7.3.3 Molecular biomarker of type II collagen synthesis. Synthesis of type II
collagen w as e valuated by m easuring s erum and sy novial fluid levels o f CPII using a
commercially available ELISA (IBEX Technologies, Montreal, CAN). This assay is a

two-step competitive immunoassay based on a rabbit polyclonal antibody specific for
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CPII (R160). Cross-reactivity of the antibody with the canine propeptide has been
demonstrated by the manufacturer.

Briefly, 96-well microtiter plates were coated overnight at 4 C with 100 pl/well of
CPII coating antigen stock diluted in a Tris based coating buffer. After washing, plates
were stored at 4 C for no more than one week. In a separate polypropylene mixing plate,
50 pl of bovine CPII standards, serum or synovial fluid samples were added along with
50 pl of R160 anti-CPII antibody diluted in a protein-based buffer containing BSA and
goat normal serum to all wells. Serum and synovial fluid samples were assayed at neet or
a 1:2 dilution with a protein-based buffer containing BSA. The polypropylene plate was
incubated on a high-speed shaker for 30 minutes at room temperature, followed by
transfer of 80 pl of the antibody-standard/sample mix from each well of the
polypropylene plate to the ELISA plate using a multi-channel pipette. The ELISA plate
was then incubated on a high-speed shaker for 2 hours at room temperature. After
washing, 100 pl of goat anti-rabbit Horse Radish Peroxidase (HRP) conjugate diluted in
6% B SA buffer was added to each well and incubated on a high-speed shaker for 30
minutes at room temperature. After washing, 100 pl of TMB (3,3,5,5
Tetramethylbenzidine) and hydrogen peroxide in an HRP substrate buffer was added to
each well. After 30 minutes of incubation on a high-speed shaker at room temperature,
100 pl of stopping solution (2 M H,SO,) was added to each well. The absorbance at 450
nm was measured in a microplate reader (Dynex Technologies GmbH. Denkendorf,
GER), and the concentration of the unknown samples were determined by constructing a
standard curve from absorbances of the standards with known concentrations of bovine

CPII. Interassay coefficient of variation (CV) was < 9% for the serum and synovial fluid.
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7.3.4 Molecular biomarker of type I and II collagen degradation. Typel
and II collagen degradation from collagenase-mediated cleavage was assessed by
measuring neoepitope levels in the serum and synovial fluid with the COL2-3/4Cgport
polyclonal antibody using an inhibition ELISA’*'. Serum samples were assayed at neet
and synovial fluid samples were assayed at neet or 1:2 dilution. The interassay CV for
the serum was < 14% and for the synovial fluid it was <21%.

7.3.5 Molecular biomarker of type II collagen degradation. Type II specific
collagen degradation from collagenase-mediated cleavage was assessed by measuring
neoepitope levels in the serum and synovial fluid with the 234CEQ polyclonal antibody
using a slightly modified inhibition ELISA from that used for the COL2-3/4CShort223 341
The primary 234CEQ antibody dilution was modified to 1:16,000. Serum and synovial
fluid samples were assayed at neet. The interassay CV for the serum was < 12%, and for
the synovial fluid it was < 20%.

7.3.6 Immunoblotting for 234CEQ specificity. Equine and canine type II
collagen w ere collected from m acroscopically normal-appearing articular c artilage and
isolated by pepsin digestion and differential salt precipitation®*. Solutions of each were
prepared by dissolving the lyophilized collagen in 0.5 M acetic acid and diluting to a final
concentration of 1.5 mg/ml of digestion buffer that consisted of 50 mM Tris, 10 mM
CaCl,, 600 mM NacCl, and 0.01% Brij 35 (Sigma Chemical Co., St. Louis, MO), at pH
7.6. Recombinant human pro MMP-13 (Calbiochem-Novabiochem Corp., La Jolla, CA)
was activated by incubation with 2 mM (final concentration) aminophenyl mercuric
acetate (Sigma) in the same digestion buffer for 2 hours at 37 C. The activated MMP-13

was added to the collagen solutions at a final molar ratio of 1:60 (MMP-13:collagen).
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Samples were incubated for 8 hours at 30 C, and the collagenase was inactivated with
166 mM EDTA (Sigma). To study the time-dependent collagenase cleavage of native
type II collagen, aliquots were removed at 0, 1, 4 and 8 hours of incubation and the
MMP-13 in each aliquot was inactivated with EDTA.

The MMP-13 cleaved fragments of the purified collagens were separated, using
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Bio-Rad Laboratories,

d**. The 10% 1-mm thick mini-Protean gels were

Hercules, CA) as previously describe
stained with Coomassie Blue R-250 (Bio-Rad). Electrophoretic transfer to nitrocellulose
membranes (Bio-Rad) and immunodetection of the TC* collagen fragments were

d®*, with the following e xceptions: the B SA-blocked

performed as previously d escribe
membranes were incubated for 1 hour with the 234CEQ antibody at 1:1,000 dilution in
PBS-3% BSA-Tween, and after three 10-minute washes in PBS-1% BSA-Tween,
alkaline phosphatase-conjugated goat anti-rabbit IgG F(ab’), fragment diluted 1:20,000
with PBS-3% BSA-Tween was added for 1 hour at 30 C.

7.3.7 Estimation of type I collagen degradation. Since the COL2-3/4Cgort
antineoepitope antibody recognizes both type I and type II collagen cleavage, whereas the
234CEQ antibody recognizes only type II collagen cleavage, the amount of type I
collagen cleavage can be estimated. This was performed by subtracting the serum and
synovial fluid 234CEQ values for each given dog and measurement period from the
matching values obtained from the COL2-3/4Cghory immunoassay. Negative values were
assumed to be zero.

7.3.8 Determination of proteoglycan turnover. The serum and synovial fluid

were assayed for the sulfated glycosaminoglycans (SGAG) content using a modification
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of the colorimetric 1,9-dimethylmethylene blue dye-binding assay’>*. All serum and
synovial fluid samples were digested with papain (Sigma), and then 10 pl of the sample

or standard (chondroitin sulfate C; Sigma) were added to 190 pl of the dye reagent in the
microtiter plate wells. The absorbance was read at 530 nm within 10 minutes. All serum
samples were diluted 1:2, whereas the synovial fluid dilution was started at 1:10 and
subsequently decreased, as required, to 1:5, 1:2, or neet. The interassay CV for the serum
was < 23%, and for the synovial fluid it was < 28%.

7.3.9 Statistical analysis. All data were expressed asthe mean+ SD unless
otherwise specified. The distribution of the serum and synovial fluid CPII, COL2-
3/4Cshort, 234CEQ), type I collagen, and sGAG data were assessed using the Kolmogorov-
Smirnov test. Serum and synovial fluid CPII levels were normally distributed. The
serum and synovial fluid sGAG levels, as well as the serum 234CEQ, and the synovial
fluid 234CEQ and COL2-3/4Cgpenr from the right CrCL deficient stifle had to be
transformed using the square root transformation to result in normalization of the data.
However, due to the inordinate amount o f zero v alues for the s ynovial fluid from the
contralateral stifle for the 234CEQ and COL2-3/4Cg,ore as well as the serum and synovial
fluid values from both stifles for type I collagen, and the serum COL2-3/4Cgpor, nO
transformation could normalize the data. Square root transformation improved the
distribution on this data, but did not normalize them. Separate non-parametric analyses
were performed on this data and showed no overall difference from parametric analysis
using square root transformation. Therefore, for ease of graphical comparison this data

was presented with square root transformation and normality was assumed.
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For each serum and synovial fluid data set, the overall effect of time was analyzed
using a repeated measures ANOVA. Additional post-hoc Tukey’s multiple comparisons
tests were performed on each significant data set to determine significant differences
from baseline (Day 0). Significant differences between other time points were ignored.
Correlations between and within all of the serum and synovial fluid markers were
assessed using Pearson correlation coefficient analysis using transformed data. A value
of P<0.05 was considered significant for all analyses. All statistical analyses were
performed using SAS software (SAS Institute, Cary, NC).

7.4  Results

7.4.1 Characterization of 234CEQ antibody as an antineoepitope antibody
for collagenase-generated fragments of canine type II collagen. Immunoblotting of
the aliquots removed during the 8 hour digestion of purified equine and canine type II
collagens by the collagenase MMP-13, demonstrated recognition by the 234CEQ
antibody of increasing concentrations of %-length fragments (Figure 7.2). The antibody
recognized the monomeric %-length o chain fragments («TC?) of the cleaved equine and
canine type II collagen, with equal intensity of staining.

7.4.2 Type II collagen synthesis, type I and II collagen cleavage by
collagenases, and proteoglycan turnover in serum. The CPII concentrations (type II
collagen synthesis) in the serum decreased significantly from baseline at 28 days
(P<0.001), 42 days (P<0.001), 56 days (P<0.001), 70 days (P<0.001), and 112 days
(P<0.01) post-CrCL transection (Figure 7.3). Conversely, the 234CEQ neoepitope levels

(type II collagen degradation) in the serum remained elevated above baseline at all time
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EQUINE CANINE

Figure 7.2. Immunoblot analysis of the time course of triple helical equine and canine type II
collagen by recombinant human MMP-13 (tHuMMP-13). Type II collagen was collected from
macroscopically normal appearing equine and canine articular cartilage, and was digested in solution
over 8 hours with aminophenyl mercuric acetate-activated rtHuMMP-13 at a final molar ratio of 1:60
(enzyme:collagen). Aliquots were removed at 0, 1, 4, and 8 hours, and the MMP-13 was inactivated
with 166 mM EDTA. Each sample was separated under reducing conditions by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE; 10%) and either stained with Coomassie
Blue (A) or eletrophoretically transferred to nitrocellulose and incubated with a 1:1,000 dilution of
the 234CEQ F(ab’), preparation (B). The molecular weight (MW) standards and digestion times are
indicated above the corresponding sample lanes for equine (lanes 1-5) and canine (lanes 6-10) type II
collagens. The right margin indicates the positions of uncleaved al(1I) and the single aTC* form of
the % length fragments produced by MMP-13 cleavage, as well as the % fragment multimers (B).
The left margin indicates the molecular weights of the standards in lanes 1 and 6.

points except for 28 days post-CrCL transection, peaking at 1.8 times higher than

baseline at 126 days (P<0.05) post-CrCL transection (Figure 7.3).
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Figure 7.3. Mean (+ SEM) serum values for type II collagen synthesis (A) as represented by the
carboxy-propeptide (CPII), and degradation (B and C) represented by collagenase cleavage of type Il
collagen (234CEQ) and combined type I and H collagen (COL1.2-3/4Cq,.,). Type I collagen degradation
(D) was calculated by subtracting the 234CEQ concentration from the COL2-3/4Cgy,. concentration.
Proteoglycan turnover (sulfated glycosaminoglycans, or sGAG) was also measured (E). The P value for
overall effect of time is listed on each graph, as determined by repeated measures ANOVA, with Tukey’s
post-hoc test to compare values to baseline (Day 0). Significant differences from baseline are represented

, ¥*P<0.01, and ***P<0.001.
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The COL2-3/4Cqort neoepitope levels (type I and II collagen degradation) in the serum
peaked at 7 days post-CrCL transection and then decreased significantly from baseline at
56 days (P<0.001), 84 days (P<0.01), 98 days (P<0.001), 112 days (P<0.001), and 126
days (P<0.01) post-CrCL transection (Figure 7.3).

The estimation of type I collagen degradation (COL2-3/4Cgort - 234CEQ levels)
in the serum was similar to COL2-3/4Cgp,oe With a peak at 7 days post-CrCL transection
followed by significant decrease from baseline at 56 days (P<0.001), 84 days (P<0.05),
98 days (P<0.001), 112 days (P<0.001), and 126 days ( P<0.01) post-CrCL transection
(Figure 7.3).

The amount of sGAG (proteoglycan turnover) in the serum, also decreased
significantly from baseline at 70 days (P<0.05) and 126 days (P<0.05) post-CrCL
transection (Figure 7.3).

7.4.3 Type II collagen synthesis, type I and II collagen cleavage by
collagenases, and proteoglycan turnover in synovial fluid. The CPII concentrations
(type I collagen synthesis) in the synovial fluid from the right CrCL deficient stifle,
mcreased significantly above baseline throughout the entire study, with concentrations
2.3 fold higher (P<0.001) at 14 days, 1.9 fold higher (P<0.001) at 70 days, and 1.8 fold
higher (P<0.001) at 126 days post-CrCL transection compared to baseline (Figure 7.4).
Moreover, the 234CEQ neoepitope (type II collagen degradation) levels in the synovial
fluid from the right CrCL deficient stifle, increased from baseline throughout the study,
but was not significant (Figure 7.4).

The COL2-3/4Cort neoepitope (type I and II collagen degradation) levels in the

synovial fluid from the right CrCL deficient stifle, increased significantly above baseline
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Figure 7.4. Individual synovial fluid values from the right CrCL transected stifle for the synthesis and
degradation/turnover markers described in Figure 3. The transverse bar represents mean values. The P
value for overall effect of time is listed on each graph, and was determined by a repeated measures
ANOVA, with Tukey’s post-hoc test for comparison of values to baseline (Day 0). Significant
differences from baseline are represented as *P<0.05. **P<0.01. and ***P<0.001.
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throughout the entire study, with concentrations 5.1 fold higher (P<0.001) at 14 days, 4.1
fold higher (P<0.001) at 70 days, and 3.3 fold higher (P<0.001) at 126 days post-CrCL
transection when compared to baseline (Figure 7.4).

The estimation of type I collagen degradation (COL2-3/4Cgnort - 234CEQ levels)
in the synovial fluid from the right CrCL deficient stifle increased significantly above
baseline throughout the entire study, with concentrations 5.8 fold higher (P<0.001) at 14
days, 4.3 fold higher (P<0.001) at 70 days, and 2.8 fold higher (P<0.05) at 126 days post-
CrCL transection compared to baseline (Figure 7.4).

The amount of sGAG (proteoglycan turnover) in the synovial fluid from the right
CrCL deficient stifle, increased significantly above baseline, with concentrations being
1.6 fold higher (P<0.001) than baseline at 126 days post CrCL transection. (Figure 7.4).

The estimations of combined type I and II (COL2-3/4Csort neoepitope), type 11
specific (234CEQ neoepitope), and type I collagen degradation, as well as proteoglycan
turnover (SGAG) in the synovial fluid from the left non-operated stifle did not reveal any
significant differences from baseline concentrations (Figure 7.5).

7.44 Correlations. The relative predominance of type I collagen degradation
compared to type II collagen degradation, as calculated by subtracting the 234CEQ
concentration from the COL2-3/4Cq,t concentration, leads to an expected strong positive
correlation between the calculated type I collagen and the COL2-3/4Cgon levels in the
serum (r=0.9924, P<0.0001), and synovial fluid from the right CrCL deficient stifle
(r=0.8713, P<0.0001) (Table 7.1). There were no other statistically significant
correlations of note between any of the biomarkers in the serum or between those in the

serum compared to synovial fluid from the CrCL deficient stifle. The CPII
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Figure 7.5. Individual synovial fluid values from the left non-operated stifle for the
degradation/turnover markers described in Figure 3. The transverse bar represents mean values. The
P value for overall effect of time is listed on each graph, and was determined by a repeated measures
ANOVA, with Tukey’s post-hoc test for comparison of values to baseline (Day 0). Note that CPII
analvsis was not verformed on the left stifle.

concentrations in the synovial fluid from the CrCL deficient stifle positively correlated
with synovial fluid concentrations from the same joint for COL2-3/4Cgpon (r=0.7410,
P<0.0001), type I collagen (r=0.5604, P<0.0001), 234CEQ (r=0.3106, P=0.0094), and
sGAG (r=0.3030, P=0.0108) (Table 7.1). In addition, the 234 CEQ and COL2-3/4Chon
concentrations from the synovial fluid from the CrCL deficient stifle was also positively

correlated (1=0.3594, P=0.0022) (Table 7.1).
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Table 7.1. Pearson correlation coefficients between the serum (S) and synovial fluid (SF) from the right CrCL transected stifle of the collagen synthesis and
degradation / proteoglycan turnover biomarkers identified in Figure 3. Only significant P values (P<0.05) are listed in parenthesis under its respective
correlation coefficient that are highlighted in bold.

‘uoissiwgad 1noypum pauqiyosd uononpolidas Jayung “Jaumo 1ybuAdoo ayy Jo uoissiwiad yum pasonpoldey
81

S-COL2- SF-COL2-
S-CPII  S-234CEQ S-Type I S-sGAG  SF-CPII SF-234CEQ SF-Type I SF-sGAG
3/4C nort 3/4Cnort
S-CPII 1.000 -0.0201 0.1862 0.1930 0.0997 -0.1364 -0.2202 -0.1069 0.0387 -0.2577
(P=0.0070) (P=0.0051) (P=0.0246)
S-234CEQ 1.000 0.0539 -0.0456 0.0324 0.2444 0.1175 0.2301 0.2286 0.400
(P=0.0415) (P=0.0471) (P=0.0470)
S-COL2-3/4Cnone 1.000 0.9924 0.0956 0.0171 -0.0628 0.1084 0.1480 -0.1027
(P<0.0001)
S-Type I 1.000 0.0927 0.0069 -0.0675 0.0953 0.1340 -0.0985
S-sGAG 1.000 -0.0509 0.0100 -0.0520 -0.0980 0.0520
SF-CPII 1.000 0.3106 0.7410 0.5604 0.3030
(P=0.0094) (P<0.0001) (P<0.0001) (P=0.0108)
SF-234CEQ 1.000 0.3594 -0.0654 0.1181
(P=0.0022)
SF-COL2-3/4C port 1.000 0.8713 0.1782
(P<0.0001)
SF-Type 1 1.000 0.0792
SF-sGAG 1.000




7.5  Discussion

In articular cartilage, the C-propeptide has been shown to have a dual role. It
helps to deliver the tropocollagen molecule outside of the cell so that fibril formation can
occur, and then remains bound to the highly charged chondroitin sulfate chains of
proteoglycans in the ECM and participates in calcification of the articular cartilage near
the tidemark?’®22624-345 " Nelson, et al. demonstrated that its half-life in cartilage is short
and that the levels of CPII found in articular cartilage positively correlated with the
amount of type II collagen synthesis that occurred®””. In addition, they found that there
was a positive correlation between the cartilage content of CPII and what was released
into the culture media**%. Likewise, the COL2-3/4C§h0rt6°’62’23 L2442 a5 well as the
234CEQ** antineoepitope antibodies have also been shown to reflect the amount of
collagenase-cleaved collagen released from the articular cartilage into culture media.
These results all suggest that the levels of CPII, COL2-3/4Cgo: and 234CEQ neoepitopes
identified in the synovial fluid and serum of our study by ELISA techniques should
represent type II collagen synthesis, as well as type I and II collagen degradation derived
from collagenase cleavage.

During normal joint homeostasis, there is a balance between synthesis and
degradation of type II collagen within articular cartilage. However, after joint injury,
such as cranial cruciate ligament transection/rupture, it is presumed the synthesis of type
I collagen by chondrocytes is limited. In previous reports of human patients with
primary or secondary OA, the synovial fluid CPII concentration increased over normal
levels as the severity worsened, until end-stage OA was reached*?*”*'**. Lohmander, et

al. also demonstrated that the CPII levels can increase as early as 1-2 days after injury
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and can reach maximum levels before any radiographic changes of OA are present®>*%,

In our study, we also identified significantly increased CPII levels in the synovial fluid at
all time points after CrCL transection, with a peak at 14 days post-transection. This
indicated a significant, early response of the articular cartilage to synthesize type II
collagen in the face of instability created by CrCL transection. This response decreased
over time, but always remained significantly elevated compared to baseline. Serum
levels of CPII in our study, however, decreased to below baseline, similar to what has
been described in human OA patients compared to controls’’. Dilution of the
propeptides, slower release from articular cartilage, as well as further proteolytic
processing of the propeptide in the serum may prevent detection of the elevations in CPII
levels by the immunoassay*°.

The amino acid sequence of the C-termini created after collagenase cleavage of
canine type II collagen, contains a Glu-Asp substitution from the human sequence that is
recognized by the COL2-3/4C,y,e antineoepitope antibody. This substitution and amino
acid sequence is exactly the same as the peptide sequence in the horse used for
production of the 234CEQ antineoepitope antibody.>**’ It was, therefore, likely that the
234CEQ antineoepitope antibody would also recognize canine type II collagen fragments
derived from collagenase cleavage. As expected, immunoblot analysis demonstrated that
the 234CEQ antineoepitope antibody recognizes the % fragments (TC?) of cleaved type
IT collagen from canine articular cartilage similar to collagenase cleaved equine type II
collagen (Figure 7.2)"%. Therefore, the 234CEQ polyclonal antibody could be used with
canine samples to identify degradation specific to collagenase cleavage of the triple helix

of type II collagen.
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Synovial fluid type II collagen degradation increased above baseline at all time
points in our study, but these increases were not significantly different from baseline. In
the serum, however, the amount of type II degradation increased over time, peaking and
becoming significantly higher than baseline at 126 days post-CrCL transection. This
difference between the sensitivity of identification of the 234CEQ antineoepitope in the
two fluids was interesting because usually one would expect the assay to detect greater
differences in the synovial fluid compared to the serum due to its relative proximity to the
articular cartilage. This difference could indicate that for consistent detection of the
neoepitope, further denaturation of the collagenase-cleaved triple helix may be required.
In addition, it could be due to potential variability in the use of the assay with synovial
fluid, since the synovial fluid interassay SV (20%) was much greater than that for the
serum (12%).

The combination of our results of type II synthesis and degradation indicate that
both are locally stimulated after joint injury. Synthesis appears to occur more acutely,
peaking at day 14 post-CrCL transection in the synovial fluid, whereas degradation peaks
in the serum at day 126 post-CrCL transection. At day 126, we also demonstrated that
the proteoglycan turnover in the synovial fluid significantly increased from baseline,
showing that proteoglycan turnover also increases, along with, or because of collagen
degradation. It is important to note that throughout the length of our study, type II
collagen synthesis remains significantly elevated from baseline values, which agrees with

329,331-334

the human OA studies This demonstrates that type II collagen synthesis

responds quickly, in an attempt to maintain a relative homeostatic environment, but

diminishes over time, while type II collagen degradation increases over time. It would be
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likely that if we followed these dogs out for a longer time frame, the CPII content in the
synovial fluid would return to baseline levels or lower, and the 234CEQ levels would
continue to increase in both the synovial fluid and serum.

Garnero, et al. suggested that an uncoupling between synthesis and degradation
occurs in human OA, where the rate of each becomes independent of the other’*’.
However, in our study, the CPII levels were positively correlated with all of the other
synovial fluid biomarkers that represented degradation (COL2-3/4Cgpon, 234CEQ, type 1
collagen, and sGAG). This would suggest that the synthetic response of type II collagen
in the dog is likely to be greater when there is simultaneous degradation of type I and II
collagen as well as proteoglycans. Similarly, in human patients with secondary OA from
cruciate ligament or meniscal injury, it was demonstrated that the synovial fluid levels of
CPII significantly correlated with cartilage damage scores, suggesting that it may actually
reflect the overall extent of damage to the articular cartilage®*. Therefore, even though
synthesis and degradation may uncouple over time, in the early stages of secondary OA
after CrCL transection in the dog, synthesis appeared to increase as degradation
increased.

The COL2-3/4C4ore antineoepitope antibody has been shown to recognize the
peptide sequence for both human type I and type II collagen cleavage, due to the relative
homology between the two®”. Since there is relatively little species differences between
these sequences, it was likely that this antibody would also recognize both type I and II
collagen cleavage in canine tissues. In previous studies examining the use of the COL2-

3/4Cq0rt antibody in articular tissues, only articular cartilage has been examined, through

338-340 60,62,231,242

immunostaining or cartilage explant studies Since type II collagen
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represents 90% of the collagen in articular cartilage'®, it could be assumed that cleavage
identified in those cartilage studies was mostly representative of type II collagen
degradation, and not type I collagen. However, when examining the articular
environment via the synovial fluid and serum, as in our CrCL transection model, the
amount of type II collagen compared to type I collagen becomes much smaller. In the
serum, the most likely sources of type I collagen are the skin and bone, whereas in the
synovial fluid, type I collagen fragments could be derived from the menisci, ligaments,
joint capsule, and subchondral bone. This would indicate that both type I and type I1
collagen cleavage would be identified in the serum and synovial fluid of our study with
no distinction between the two. Through the use of both the COL2-3/4Cpot and 234CEQ
antineoepitope antibodies, we were able to estimate the amount of type I collagen
cleavage after CrCL transection.

Subtraction of the 234CEQ concentrations from the COL2-3/4Cgor levels
demonstrated that the COL2-3/4Cqpnor antibody predominantly identifies type I collagen
cleavage in the serum and synovial fluid of this study compared to type II collagen.
Because of this, the estimated type I collagen degradation was similar to the COL2-
3/4Chort findings described above. This study demonstrated that type I (predominantly)
and type II collagen degradation are key features of our model of OA in the dog. This
can be monitored by measurement of biomarker levels in serum and synovial fluid. Type
I collagen degradation tended to predominant early in the disease process (day 14),
whereas type II collagen degradation tended to predominate later (day 126).

To further evaluate the predominance of type I collagen degradation in the early

stages a fter CrCL transection, w e arthroscopically examined the stiflesof3 dogsina
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companion study at 14, 70 and 126 days post-CrCL transection (Chapter 3). The peak of
cleaved collagen at day 14 post-transection (supporting peak collagenase levels) appeared
to be associated with the acute inflammatory process that was evident arthroscopically.
The source of type I cleavage products likely varied depending on the stage of the disease
process. In the initial stages of injury (day 14), there was a generalized fibrous response
within the joint. Fibrin covered the transected ends of the CrCL, and there was fraying of
the menisci. By day 70 and 126, there were adhesions to the CrCL, as well as thickening
of the joint capsule, synovial membrane, and fat pad. There was increasing damage to
the meniscus at this stage, and this may have been the primary source of type I collagen
degradation products measured at this stage of experimental OA.

Our study did have some limitations. The variability of cartilaginous as well as
medial meniscal injury that occurred after CrCL transection is likely reflected in the
variability of the biomarker data. In addition, the COL2-3/4Cgort and 234CEQ ELISAs
were in-house assays that inherently had interassay CVs that were >10% for the serum
and synovial fluid, which will increase the variability of the results. The synovial fluid
was collected by lavage technique because of the difficulty in aspirating enough synovial
fluid to be able to analyze multiple biomarkers. The disadvantages of the lavage
technique are that the volume of fluid within the joint is unknown, and it has the potential
to affect the metabolism of the articular tissues. We feel that these concerns were
minimized by the length of time between collection periods and the fact that all of the
joints were similarly treated for each dog at each time period.

In summary, we identified that the 234CEQ antineoepitope antibody recognizes

the % fragment created by collagenase cleavage of canine type II collagen. The CPII,
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COL2-3/4Cgnort, and 234CEQ assays were able to detect the C-propeptide, and respective
type I and II collagen neoepitopes created after collagenase cleavage of the collagen
triple helix in the synovial fluid and serum from dogs with a transected CrCL, allowing
determination of the temporal pattern and relative amounts of type II synthesis, type I and
II collagen degradation and specific type II collagen degradation, respectively. Synovial
fluid was the superior fluid for analysis of these biomarkers compared to serum. Type II
synthesis (CPII) and degradation (234CEQ) were both increased after CrCL transection
in the dog, with synthesis predominating early and degradation predominating at the end
of the study. I n addition, the relative contribution of type I collagen degradation was
determined (COL2-3/4Cgore — 234CEQ), with type I collagen degradation predominating

early and type II collagen degradation predominating at the end of the study.
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8 CORRELATION OF SYNOVIAL FLUID PROSTAGLANDIN (PGE,)
CONCENTRATIONS TO GROUND REACTION FORCES AND CLINICAL
PARAMETERS OF PAIN AND INFLAMMATION IN A CANINE CRANIAL

CRUCIATE TRANSECTION MODEL OF OSTEOARTHRITIS

Troy N. Trumble DVM, MS;, R. Clark Billinghurst DVM, PhD, C. Wayne Mcllwraith

BVSc, PhD
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8.1 Summary

Objective. Evaluate the temporal pattern of prostaglandin (PGE;) concentrations in the
synovial fluid after transection of the cranial cruciate ligament (CrCL) in the dog, in an
attempt to correlate it to ground reaction forces and subjective clinical parameters of
lameness and/or pain.

Methods. Nineteen purpose-bred adult male Walker Hounds had the right CrCL
transected arthroscopically. Force plate measurements, subjective clinical analysis of
pain or lameness and synovial fluid were collected prior to surgery (baseline), and then at
various time points post-transection. PGE, analysis was performed on the synovial fluid
samples, and the PGE; concentrations were correlated to the ground reaction forces and
clinical parameters.

Results. The P GE, c oncentration significantly increased above b aseline t hroughout the
entire study (P<0.0001), peaking 14 days after transection. The peak vertical force and
impulse significantly decreased (P<0.0001) by day 14 post-transection, followed by an
increase o ver time w ithout r eturning to b aseline levels. A 1l o fthe clinical p arameters
(lameness, degree of weight bearing, joint extension, overall pain score, effusion score,
and synovial fluid total protein content) except for synovial fluid WBC count
significantly increased above baseline (P<0.0001). Significant negative correlations
(P<0.0001) were present between the PGE, concentration and the peak vertical force (r =
-0.5720) and impulse (r = -0.4573), and significant positive correlations (P<0.0001) were
present between the PGE, concentration and the subjective lameness score (r = 0.5016)

and the effusion score (r = 0.6817).
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Conclusion. The correlations between PGE, concentrations in synovial fluid and the
parameters used to measure pain and lameness suggests significant involvement of PGE,
in the acute inflammatory process occurring within the joint in this model.

8.2 Introduction

Cranial cruciate ligament (CrCL) transection in dogs has been an accepted
experimental model of osteoarthritis (OA) that results in changes typical of the early
stages of OA in both humans and dogs'. Transection of the CrCL in the dog ultimately
results in damage to all of the intra-articular structures, including the synovium, menisci,
articular cartilage, and subchondral bone"'***. This injury has been presumed to be due
to the combination of many events that are primarily related to joint instability and
inflammation'®!. Traditionally, it has been thought that the instability leads to increased
inflammation, however, with surgical transection of the CrCL, inflammation is usually
present at the same time as the creation of the instability, and the combination will cause
the dog to be lame”".

With the onset of inflammation, cytokines such as interleukin-1 (IL-1) and tumor
necrosis factor alpha (TNFa) are upreguiated, and they in turn activate the cyclo-
oxygenase (COX) pathway. The induction of the COX-2 pathway, in particular,
stimulates the synovium to produce a variety of inflammatory mediators such as
prostaglandins, thromboxanes, 1 eukotrienes, and k inins**>*°.  Prostaglandin E ; (PGE,)
has been shown to be the most important inflammatory mediator in experimentally
induced inflammatory exudates®'. It is an eicosanoid that is capable of mediating a
number of features c haracteristic of inflammation including vasodilation and increased

permeability of small blood vessels, leading to erythema’”. In addition, it sensitizes
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353,354 355

peripheral nocioceptors , stimulates the formation of new blood vessels™, and alters
expression of matrix metalloproteinases (MMPs) via promotion of plasminogen
activators®®. The diversity of these reactions are due to the existence of multiple
receptor subtypes and isoforms that are responsible for the regulation of the prostaglandin

357

cycle™'. PGE; has both anabolic and catabolic effects via its regulation of chondrocyte

358-360 1t has been

proliferation and the synthesis of extracellular matrix components
shown to be present in greater amounts from synovial fluid of horses with varying
degrees of OA compared to that from normal joints®'~%', and due to its high levels in the
synovial fluid early in the disease process, it has been suggested to be a useful indicator
of the existing inflammatory status®'.

Force plate analysis has been used as a research tool in dogs to objectively
measure normal and abnormal forces'?>'#6-202263-265 " 1t allows for description of the peak
forces and impulses (total force applied over time) applied in vertical, craniocaudal
(braking and propulsion), and mediolateral directions. Many canine orthopedic studies
have included analysis of these ground reaction forces to objectively determine the
normal forces applied for different gait cycles at varying velocities'*>'?%197263265 1y
addition, force plate analysis has been used to measure the abnormal forces that result
from insult to the appendicular skeleton, as well as the response of the limb to various
surgical techniques or medical therapies used to treat joint impairment'**2%%. Force plate
analysis has been used to document changes in the ground reaction forces that occur as a

198-202

result of CrCL rupture/transection compared to preoperative values Certain

surgical techniques have been shown to improve this kinetic data in the early period,

suggesting that the force plate is a sensitive tool for identification of subtle differences
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® To the authors’ knowledge, PGE, concentrations in the

that can occur over time'
synovial fluid of dogs have not been correlated to the ground reaction forces produced
after cruciate ligament injury.

The purpose of this study was to evaluate the temporal patten of PGE;
concentrations in the synovial fluid after experimental transection of the CrCL in the dog,
in an attempt to correlate these levels with subjective and objective analysis of pain
and/or lameness. Our hypothesis was that PGE, concentrations in the synovial fluid
would peak early and would correlate to objective analysis of lameness via force plate
analysis.

8.3  Materials and methods

8.3.1 Experimental design. Nineteen purpose-bred adult male Walker Hounds
with a mean + SD weight of 22.42 + 2.39 kg (range, 19-28.5 kg) were studied. These
dogs were the placebo control group in a larger study of a novel therapeutic agent.
Inclusion criteria required the dogs to be free of pre-existing orthopaedic disease of the
stifles based on routine physical, orthopaedic, lameness, radiographic, and force plate
examinations. Orthopaedic examination included a separate lameness and physical
examination of both hind limbs as well as radiographs of both stifles. In anticipation of
gait analyses, each dog was acclimated for several weeks to the force platform analysis
laboratory and was led by a leash at a trot across the force plate prior to inclusion into the
study. Selection and subsequent inclusion required the dogs to be free of pre-existing
orthopaedic disease of the stifles based on orthopedic examination and radiography. In
addition, the dogs had to be able to adequately trot across the force plate with minimal

effort or coaxing from the handler.

196

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



All dogs were anesthetized, and the right hind limb was prepared for aseptic
surgery. A lateral parapatellar arthroscopic approach to the right stifle was used to
examine the joint for the presence of any intra-articular pathology of the articular
cartilage, cruciate ligaments and menisci. The CrCL was then transected arthroscopically
using a meniscectomy blade (Chapter 2). Analgesia was administered via a 5 mg
fentanyl patch (2.0 ng/kg/hr) that was applied the day before surgery and was maintained
for 72 hours post-operatively.  Morphine (1 mg/kg subcutaneously) was also
administered post-operatively for pain, as needed. Cephalexin (Keflex) was administered
intravenously during surgery and was continued orally (10 mg/kg) every 12 hours for 3
days to prevent infection. Throughout the study, all dogs were housed in individual runs.
The animals were closely monitored during the first 48 hours post-operatively for any
signs of pain, infection, anorexia, or intestinal complications. To encourage the
development of OA, dogs were placed in an exercise protocol that required leash walking
for 30 minutes every day for 5 days/week from the second day post-operatively until 126
days post-operatively.

All dogs were obtained through approved sources by the Colorado State
University Laboratory Animal Resources, and the study was conducted under a protocol
approved by the Colorado State University Animal Care and Use Committee.

8.3.2 Synovial fluid collection. Synovial fluid samples were collected from the
right CrCL transected stifle using a lavage method where 5 ml of sterile saline was
injected into the joint. The limb was then manipulated for 1-2 minutes to ensure adequate
mixing of the saline and the synovial fluid prior to aspiration of as much synovial fluid as

possible. Fluid was collected prior to surgery, and then again at 14, 70, and 126 days
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post-operatively. Of the total volume collected, 0.5-1.0 ml was added to a tube
containing EDTA and the remainder was placed in serum separator tubes. The EDTA
tubes were analyzed for total protein content and white blood cell count. The samples
from the serum separator tubes were placed immediately on ice after collection and were
centrifuged at 4 C for 10 minutes at 2,500 rpm. The samples were then split into multiple
aliquots with the interval between sample collection and freezing at -80 C being under 3
hours. All samples were kept at -80 C until assayed. Most samples used for PGE,
analysis had 2-4 freeze/thaw cycles during sample analysis, due to the volume of synovial
fluid required for analysis.

8.3.3 Prostaglandin E, (PGE,) Analysis.

Extraction — Synovial fluid samples were subjected to solid phase extraction
procedures. Synovial fluid (500 pl) was mixed with 500 pl of 80% ethanol and 10 pl of
glacial acetic acid, and then incubated at room temperature for 5 minutes prior to
centrifugation (5500 rpm) for 8 minutes. The supernatant was applied to 1-ml, C2
minicolumns ( Amprep M inicolumns, A mersham P harmacia B iotech Limited, UK) that
had been washed twice with 1 ml of 10% ethanol, under vacuum. The columns were then
washed with 1 ml of deionized water and 1 ml of hexane, and the PGE; was eluted, under
vacuum, with 1.5 ml of ethyl acetate. The eluted sample was evaporated to dryness under
a continuous nitrogen flow, using a multi-port gas evaporation system (Savant Speed Vac
Plus, Thermo Savant, Holbrook, NY), and then stored at -20 C.

Assay — The PGE, concentration was estimated using a commercially available
enzyme i mmunoassay kit ( Correlate-EIA, A ssay Designs, Inc., Ann Arbor, MI). T his

immunoassay uses a monoclonal antibody that competitively binds to PGE; or an alkaline
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phosphatase molecule bound with PGE,. Prior to analysis, each extracted sample was
resuspended in 400 pl of the supplied assay buffer. Then 100 pl of assay buffer, PGE;
standards or synovial fluid samples (neet) were applied to the appropriate wells that were
coated with a goat antibody specific to mouse IgG. This was followed by addition of 50
pl of assay buffer, alkaline phosphatase conjugated with PGE, and/or the monoclonal
antibody to PGE, to the appropriate wells, and the plate was sealed and incubated
overnight (18-24 hours) at 4 C. After washing, 5 pl of alkaline phosphatase conjugated
with PGE, was added to each well indicating total activity, followed by 200 pl of p-
nitrophenyl phosphate (p-Npp) substrate solution. After incubation for 1 hour at 37 C, 50
! of stop solution (trisodium phosphate) was added to each well. The absorbance at 405
nm was measured immediately in a microplate reader (Dynex MRX plate reader, Dynex
Technologies GmbH, Denkendorf, GER). The binding percentage for each standard and
sample was calculated, and the concentration of PGE; in the samples was determined
from a standard curve created using a log-logit transformation. Due to limited sample
volume, no interassay coefficient of variation (CV) was performed.

8.3.4 Force plate evaluation. The force plate (Model ORS6-5, Advanced
Mechanical Technologies, Inc., Newton, MA) was mounted in the center of, and level
with, the surface of a 15-m runway. The signal from the force plate was processed and
stored by use of computer software programs (IBM 486Dx, IBM Co., Boca-Raton, FL,
and Acquire, Version 6.3W, Sharon Software Inc., Dewitt, MI). As each dog was trotted
over the force plate, velocity was recorded by use of 2 photoelectric cells, placed 2 m
apart, and a start-interrupt timer system. Care was taken to ensure that the dog triggered

the photoelectric cells and that a constant speed was maintained across the force plate
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during each trial. Dogs were trotted across the force plate by one handler prior to having
the CrCL transected (baseline), and then again at 14, 28, 70 and 126 days post-
transection. An evaluation was considered valid if the dog struck the plate with its right
forelimb followed by its right hind limb at a velocity between 1.45 and 2.05 m/s with less
than 10% acceleration/deceleration. If a dog was distracted during an evaluation, or any
other paw or combination of limbs struck the force plate, then the data was considered
invalid. Due to the severity of lameness present in some dogs, each dog was trotted
across the force plate a maximum of 75 times per trial session, with a maximum of five
acceptable trials collected per dog, per session. If the dog was completely non-weight
bearing on the right hind limb, then the value entered for each trial was zero. All trials
were recorded and archived on digital video. Peak vertical force and impulse were
recorded for each limb at 1-millisecond intervals for 650 milliseconds after foot strike.
All forces were normalized to the dog’s body weight recorded at each measurement
period.

8.3.5 Subjective clinical pain scoring. Subjective assessment of lameness and
pain was performed just before each force plate evaluation, prior to CrCL transection
(baseline), and then again at 14, 28, 70, and 126 days post-transection. All subjective
scores were performed by the same evaluator (TNT). Lameness was graded on a scale
from 1-4, with 1 = no lameness, 2 = mild lameness at a walk or trot, 3 = moderate
lameness at a walk or trot, or 4 = severe lameness at a walk or trot. The degree of weight
bearing when the limb was at rest was assessed on a scale from 1-3, 1 = normal weight
bearing at rest, 2 = partial weight bearing at rest, or 3 = non-weight bearing at rest. For

subjective assessment of pain, the limb was lifted off the ground and maximally
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extended. The response to this limb extension was assessed on a scale from 1-4, with 1 =
no response, 2 = mild response (turn head toward affected limb), 3 = moderate response
(withdraws affected limb), or 4 = severe response (vocalizes or becomes aggressive). A
cumulative overall pain score was calculated by summing the scores for lameness, weight
bearing and joint extension. In addition, the degree of joint effusion was subjectively
assessed at the time of arthrocentesis on days 0, 14, 70 and 126. The scale for the
effusion score ranged from 0-3, with 0 = no effusion, 1 = mild effusion, 2 = moderate
effusion, or 3 = severe effusion.

8.3.6 Statistical analysis. All data were expressed as the mean+ SD unless
otherwise specified. The distribution of the data for the synovial fluid PGE,;, total protein
and white blood cell count, peak vertical force and impulse, as well as subjective scores
for lameness, degree of weight bearing, joint extension, overall pain score, and effusion
score were assessed for normality using the Kolmogorov-Smimov test. The peak vertical
force was normally distributed. Data for the PGE; concentrations had to be transformed
using logarithms to result in normalization of the data. All of the other data sets
(synovial fluid total protein and white blood cell count, vertical impulse, subjective
scores for lameness, degree of weight bearing, joint extension, overall pain scoring, and
effusion score) could not be normalized with transformations and were analyzed non-
parametrically.

For the peak vertical force and the PGE, data, the overall effect of time was
analyzed using a repeated measures ANOVA on the normalized data. Additional post-
hoc Tukey’s multiple comparisons tests were performed on each significant data set to

determine significant differences from baseline. For the non-parametric data (vertical
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impulse, synovial fluid total protein and white blood cell count, lameness, degree of
weight bearing, joint extension, overall pain score, and effusion score), Kruskal-Wallis
analyses were performed using a Dunn’s post-hoc test to determine significant
differences from baseline. Correlations between the peak vertical force and PGE;
concentrations were assessed using Pearson’s correlation coefficient on the normalized
data. Correlations made to the non parametric data, including the vertical impulse and
the clinical parameters (synovial fluid total protein and white blood cell count, lameness,
degree of weight bearing, joint extension, overall pain score and effusion score) were
performed using the Spearman Rank correlation. A value of P<0.05 was considered
significant for all analyses. All statistical analyses were performed using SAS software
(SAS Institute, Cary, NC).
8.4  Results

8.4.1 PGE; analysis. P GE; concentrations in the synovial fluid significantly
increased above baseline throughout the entire study, with concentrations 1.5 fold higher
(P<0.001) at 14 days, 1.4 fold higher as 70 days (P<0.001), and 1.3 fold higher (P<0.001)
at 126 days post-CrCL transection compared to baseline (Figure 8.1).

8.4.2 Force plate analysis. The peak vertical force from the CrCL d eficient
limb significantly decreased below baseline throughout the entire study, with the mean

force being 62% lower on day 14 (P<0.001), 49% lower on day 28 (P<0.001), 42% lower
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Figure 8.1. Concentrations of PGE, in the synovial fluid (expressed as logarithmic transformation of
pg/ml) from the CrCL transected stifle for each measurement period (Day 0, 14, 70, and 126). The box
represents the 25™-75™ percentiles, the line represents the median and the whiskers represent the 10
and 90™ percentiles. The P value for overall effect of time was P<0.0001, as determined by a repeated
measures ANOVA, with Tukey’s post-hoc test for comparison of values to baseline (Day 0).
Significant differences from baseline are represented as *** P<0.001.

on day 70 (P<0.001), and 27% lower on day 126 (P<0.001) post-CrCL transection than

the mean force measured at baseline (Figure 8.2). The corresponding peak vertical
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Figure 8.2. Mean + SD for the peak vertical force (A) and peak vertical impulse (B) for each
measurement period (Day 0, 14, 28, 70, and 126). The P value for overall effect of time is listed above
each graph, and was determined by a repeated measures ANOVA, with Tukey’s post-hoc test for the
peak vertical force, and Kruskal-Wallis analysis with a Dunn’s post-hoc test for the peak vertical
imoulse. Significant differences from baseline are represented as ** P<0.01. and *** P<0.001.
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impulse for the CrCL deficient limb was also significantly lower than baseline throughout
the entire study, with the mean impulse being 61% lower on day 14 (P<0.001), 52%
lower on day 28 (P<0.001), 46% lower on day 70 (P<0.001), and 34% lower on day 126
(P<0.01) post-CrCL transection than the mean impulse measured at baseline (Figure 8.2).

8.4.3 Clinical parameters. The total protein content in the synovial fluid was
significantly higher (P<0.0001) than baseline throughout the entire study, peaking at day
14 post-CrCL transection (Table 8.1). The white blood cell count in the synovial fluid
was significantly higher than baseline on day 14 (P<0.05) and day 126 (P<0.001) post-
CrCL transection (Table 8.1). The effusion score was significantly higher (P<0.0001)

than baseline throughout the entire study (Table 8.1). The lameness grade was

Table 8.1. Mean + SD for the total protein content, white blood cell count, and effusion score for fluid of
CrCL transected joints during each measurement period (Day 0, 14, 70, and 126). The P value for overall
effect of time for each parameter was P<0.0001, and was determined by Kruskal-Wallis analysis with a
Dunn’s post-hoc test to determine significant differences from baseline. Significant differences from
baseline are represented as * P<0.05, and *** P<0.001.

Day Total Protein White Blood Cell Count  Effusion score
0 0.38+£0.21 192.86 £ 126.88 00

14 2.16 £ 0.61 *** 536.84 = 586.15 * 2.26 £ 0.45 ***
70 1.63 £ 0.60 *** 321.05+201.60 2.11 £ 0.32 ***
126 1.49 £ (.73 **x* 915.79 + 1498.99 *** 2.80 £ 0.41 ***

significantly higher than baseline throughout the entire study, peaking at day 14
(P<0.001) post-CrCL transection, and decreasing thereafter (Table 8.2). The degree of
weight bearing on the CrCL transected limb was significantly worse than baseline on
days 14, 28, and 70 (P<0.001) post-CrCL transection, before returning to baseline levels
126 days post-transection (Table 8.2). The response to joint extension was significantly

greater than baseline throughout the entire study peaking at day 70 (P<0.001) post-CrCL
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transection before decreasing 126 days post-transection (Table 8.2). The overall pain

score was significantly higher than baseline values throughout the entire study, peaking at

day 14 (P<0.001), and decreased thereafter (Table 8.2).

Table 8.2. Mean = SD for the subjective clinical parameters including lameness, degree of weight
bearing, joint extension, and the cumulative total of all three as the overall pain score for the operated
limb during each measurement period (Day 0, 14, 28, 70, and 126). A score of 1.00 at day 0 was
indicative of no lameness, normal weight bearing and no response to joint extension. The P value for
overall effect of time for each parameter was P<0.0001, and was determined by Kruskal-Wallis analysis
with a Dunn’s post-hoc test to determine significant differences from baseline. Significant differences
from baseline are represented as * P<0.05, ** P<0.01, and *** P<0.001.

Day Lameness Weight bearing Joint extension Overall pain score
0 1.00+ 0 1.00£0 1.00+0 3.00+0

14 3.50£0.5] #** 2.00 £ ( *k* 2324+ 0.67 *** 7.89 £ 0.8] **x*
28 3.37+0.60 *** 2.00 & ( Hk* 2.42 4+ Q.51 *** 7.79 £ 0.63 ***
70 3.16 £ 0.60 *** 2.05+0.23 *** 247+ 0.51 *** 7.68 £ 0.89 ***
126 2.84 +0.76 *** 1.53+£0.51 1.89 £ 0.57 ** 6.26+133%

8.4.4 Correlations. Significant negative correlations were present between the
synovial fluid PGE, concentrations and the peak vertical force (r = -0.5720, P<0.0001),
and peak vertical impulse (r = -0.4573, P=0.0001) (Table 8.3). Significant positive
correlations were present between the PGE, concentration and all of the clinical
parameters except WBC count, including the subjective lameness score (r = 0.5016,
P<0.0001) and the effusion score (r = 0.6817, P<0.0001) (Table 8.3). In addition, the
peak vertical force and impulse both were significantly and negatively correlated with all

of the clinical parameters except WBC count.

205

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘uoissiwgad 1noypum pauqiyosd uononpolidas Jayung “Jaumo 1ybuAdoo ayy Jo uoissiwiad yum pasonpoldey

90T

Table 8.3. Table of correlation coefficients between the synovial fluid PGE, concentrations, ground reaction forces (peak vertical force and vertical
impulse), and clinical parameters (lameness, degree of weight bearing, joint extension, overall pain score, and synovial fluid effusion score, total protein
content and white blood cell count (WBC)). The correlation between PGE, concentration and peak vertical force was determined using the Pearsons
correlation coefficients. All other correlations were determined using a Spearman rank correlation. P values (P<0.05) are listed in parentheses underneath
their resoective correlation coefficient (r value) hichlighted in bold.

PGE; Vertical Vertical Lameness Weight Joint Overall Pain  Effusion Total WBC
Force Impulse Bearing extension Score Score Protein
PGE, 1.000 -0.5720 -0.4573 0.5016 0.5785 0.2955 0.4673 0.6817 0.4771 0.1336

(P<0.0001) (P=0.0001) (P<0.0001) (P<0.0001) (P=0.0169) (P<0.0001) (P<0.0001) (P<0.0001)

Peak Vertical Force 1.000 0.9434 -0.7846 -0.7325 -0.5203 -0.7580 -0.4775 -0.5643 -0.2185
(P<0.0001) (P<0.0001) (P<0.0001) (P<0.0001) (P<0.0001) (P<0.0001) (P<0.0001)

Vertical Impulse 1.000 -0.8123 -0.7309 -0.5002 -0.7689 -0.5400 -0.5478 -0.1935
(P<0.0001) (P<0.0001) (P<0.0001) (P<0.0001) (P<0.0001) (P<0.0001)

Lameness 1.000 0.7258 0.5355 0.8822 0.6009 0.6232 0.3115
(P<0.0001) (P<0.0001) (P<0.0001) (P<0.0001) (P<0.0001) (P=0.0082)
Weight Bearing 1.000 0.6546 0.8028 0.5430 0.6205 0.3805
(P<0.0001) (P<0.0001) (P<0.0001) (P<0.0001) (P=0.0011)
Joint Extension 1.000 0.8151 0.5101 0.4411 0.1060
(P<0.0001) (P<0.0001) (P=0.0001)

Overall Pain Score 1.000 0.5476 0.5702 0.1780
(P<0.0001) (P<0.0001)

Effusion Score 1.000 0.7705 0.4928
(P<0.0001) (P=0.0002)
Total Protein 1.000 0.3504
(P=0.0027)

WBC 1.000




8.5 Discussion

Production of PGE; has been shown to be stimulated through an upregulation of
COX-2, via the pro-inflammatory cytokines, IL-1 and TNFoc349’350’362, or IL-18°%. This
inflammatory process stimulates primary afferent neurons within the joint to release
neuropeptides, such as substance P, that further drives the inflammatory process by

364

causing the release of IL-1 and TNFo™", as well as initiating and enhancing PGE,

3653% A positive correlation between substance P and PGE, has been

production
identified in the synovial fluid from OA joints of horses®®'. Kirker-Head, et al. suggested
that because of the early peak of both substance P and PGE; in the early phase of OA,
that the synovial fluid content of PGE; likely plays a predominant role in the acute-phase
of the inflammatory process®®'. The results of our study support this statement since the
PGE, concentrations in the synovial fluid from the CrCL transected dogs were
significantly elevated from baseline, peaking at 14 days post-transection.

In further support of our current finding, a separate study from our laboratory
examined 3 dogs that underwent serial arthroscopic examinations 14, 28, 70, and 126
days after CrCL transection (Chapter 3). Results of that study indicated that the degree of
synovitis reached a peak by 28 days after transection, and then diminished over time, but
never completely abated. Since we did not collect synovial fluid for PGE; analysis 28
days after transection, we cannot say whether the PGE; concentration would have
actually peaked then as opposed to the currently observed 14 days post-transection.

However, both studies indicate that there is an early inflammatory peak in PGE, levels

that most likely occurs in the synovial fluid within the first month after CrCL transection.
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The lameness that occurs following CrCL transection is likely the result of a
multifactorial process in which both instability and inflammation contribute to the
process. It has been demonstrated that in the presence of joint inflammation, afferent
nerve fibers of the joint exhibit increased sensitivity with activation of nociceptors and

P?3334366 " \When combined with the joint instability,

neuropeptides, such as substance
this results in increased neural activity of the receptors, or hyperalgesia, which is
presumably perceived as pain, especially during movement and joint loading®™.
However, pain can also be present when the joint is at rest’>, which may be partially due
to increased intra-articular volume and the enhanced sensitivity of the joint afferents due
to increased pressure3 7 Qur results demonstrated that PGE, levels in the synovial fluid
are strongly associated with clinical assessments o f p ain in that there were significant
correlations with PGE; concentrations to peak vertical force (r = -0.5720) and impulse (r
= -0.4573), subjective lameness assessment (r = 0.5016), the degree of weight bearing
when the limb was at rest (r = 0.5785), in addition to the joint effusion score (r = 0.6817).

Our force plate results are similar to previous reports of naturally-occurring or

198202 There was an acute decrease in the peak

experimentally-induced CrCL rupture
vertical force and impulse by 2 weeks, followed by an increase in the amount of weight
bearing over time, without returning to pre-CrCL transection values. This improvement
has been stated to be due to the inherent increase in stability of the joint over time
because of the increasing fibrous response of the joint capsule'®®**2. This fibrous
response likely contributes some to this stability, but often, even though the dog has

198

improved clinically, cranial drawer instability is still present’ ”". Our results suggest that

the decrease in the inflammatory process over time, after CrCL transection/rupture, might
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actually c ontribute to some of this improvement in weight bearing, presumably due to
less pain associated with joint loading. Following this line of thinking, any further
pathologic change within the joint, such as meniscal tearing, may also result in increased
lameness due to exacerbation of the inflammatory process as the menisci are themselves
capable of spontaneous production of PGE,**. Our results also support previous findings
of a significant negative correlation between the subjective lameness score and both the
peak vertical force (r = -0.7846) and impulse (r = -0.8123) identified via force plate
analysis'®”.

Synovial fluid PGE; has been thought to originate from the articular tissues, and
not from the blood since no relationship was established with the total leukocyte count in
the blood**®. Even though we did not examine the total leukocyte count in the blood, our
results indicated that no correlation exists b etween the s ynovial fluid w hite blood cell
count and the PGE; concentration. It has also been stated that PGE, depresses
proteoglycan synthesis by chondrocytes, accelerating the loss of glycosaminoglycans
(GAG) from articular cartilage®®*°. However, when we attempted to correlate the
synovial fluid PGE, concentration to the synovial fluid and serum sulfated GAG (sGAG)
content from these same dogs (Chapter 7), no correlation could be identified. PGE,
stimulates the synthesis of degradative enzymes, such as MMPs, by chondrocytes via the
promotion of plasminogen activators>>°. One of the primary groups of MMPs responsible
for cleavage of the type I collagen are the collagenases (MMP-1, -8, and -13). When we
compared the PGE, concentrations in this study to our results from synovial fluid
analysis measuring levels of collagenase-cleaved fragments of type I and II collagen in

the same dogs (COL 2-3/4Cgpert) (Chapter 7), there was a significant positive correlation
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(r= 0.6808, P<0.0001). In addition, type II collagen synthesis, as represented by the
carboxy-propeptide of type II collagen (CPII) levels in the synovial fluid of these dogs
(Chapter 7), also was significantly correlated to PGE; concentrations in this study (r =
0.5164, P<0.0001). These correlations suggested that collagenase levels are upregulated,
along with, and perhaps due to PGE,, resulting in increased type II collagen cleavage. As
a result of this cleavage, type II collagen synthesis likely increases to try to maintain a
homeostatic balance within the extracellular matrix. The relative lack of correlation
between PGE, levels and sGAG content in our study compared to the other in vitro
studies is likely because our samples were obtained in vivo, and were probably not
exposed to the same levels of cytokines as those in vitro studies.

The actual content of PGE, in the synovial fluid may have been higher than what
we measured since the synovial fluid was collected by lavage technique because of the
difficulty in aspirating enough synovial fluid to be able to evaluate multiple biomarkers.
The disadvantages of the lavage technique are that it dilutes the synovial fluid, making
the actual volume of fluid within the joint unknown, and it has the potential to affect the
metabolism of the articular tissues. We feel that these concerns were minimized by the
length of time between collection periods and the fact that all of the joints were similarly
treated for each dog at each time period. The collection of the force plate data in this
study was performed so that the previously identified sources of variability would be
minimized'**'"?%?%  However, individual variation among and within each dog with

regards to its response to CrCL transection was difficult if not impossible to control, and

could have affected some of the results.
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In summary, PGE; concentrations in the synovial fluid from the joints dogs that
had CrCL transection were significantly elevated from baseline for 4 months after
surgery, peaking acutely at 14 days post-transection. Correlation analyses revealed a
significant negative correlation between the synovial fluid levels of PGE, and both the
peak vertical force and impulse derived from force plate analysis. In addition, there were
significant positive correlations of the PGE, concentrations with all of the clinical
parameters examined (lameness, degree of weight bearing, joint extension, overall pain
score, effusion score, and synovial fluid total protein content) except for synovial fluid
white blood cell count. These results suggest that PGE; in the synovial fluid likely is
involved in the acute i nflammation and associated l ameness and p ain d uring the early

stage after CrCL transection in the dog.
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9.1 Summary

Objective. To test the efficacy of a synthetic matrix metalloproteinase (MMP) inhibitor
(BAY 12-9566) in a canine cranial cruciate ligament (CrCL) transection model of
osteoarthritis (OA).

Methods. Thirty-nine dogs had the right CrCL successfully transected arthroscopically.
Twenty and 19 dogs were orally administered BAY 12-9566 or a placebo, respectively,
starting at 2 weeks post-transection and continued daily throughout week 18. Serum and
synovial fluid collection, subjective pain scores (lameness, degree of weight bearing,
response to joint extension, overall pain score, and effusion score), radiographs, and force
plate analyses were all performed prior to CrCL transection, and then at various time
points throughout the study until sacrifice at 18 weeks post-transection. Immunoassays
were performed using the serum and/or synovial fluid to determine the relative amounts
of inflammation (prostaglandin-E,), proteoglycan turnover (sulfated glycosaminoglycans-
sGAG), bone formation (bone alkaline phosphatase-BAP, and osteocalcin-OC), collagen
synthesis (carboxy-propeptide of type II collagen-CPII), type II collagen degradation
(234CEQ neoepitope), type I and 11 collagen degradation (COL2-3/4Cgnore neoepitope),
and type I collagen degradation (calculated as COL2-3/4Cgpot — 234CEQ). Gross and
histologic gradings were performed for the articular cartilage, synovium, menisci, and
osteophyte formation.

Results. Pathology, clinical effects, and biomarker analyses did not reveal any significant
differences between dogs treated with BAY 12-9566 and those given a placebo with the
exception of more severe histological lesions of the medial tibia for dogs treated with

BAY 12-9566 compared to placebo treated controls.
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Conclusion. BAY 12-9566 was ineffective in inhibiting the pathological, clinical, and
biomarker responses that occur in response to CrCL transection in the dog.
9.2  Introduction

The extracellular matrix of articular cartilage is composed primarily of large
proteoglycans (aggrecan) interspersed between a fibrillar network of type II collagen.
The combination of these two molecules allows the articular cartilage to resist
compressive and tensile forces placed upon a normal joint. However, when joint injury
occurs, such as with rupture of the cranial cruciate ligament (CrCL — equivalent to human
anterior cruciate ligament) abnormal forces and inflammation can cause a cascade of
events that leads to articular cartilage degradation, the hallmark of osteoarthritis (OA)'.

The exact pathogenesis of OA is not completely understood, but it is thought that
cytokines, such as interleukin-1 (IL-1) and tumor necrosis factor alpha (TNF o) stimulate
chondrocytes and other cellular sources to produce degradative enzymes, called matrix
metalloproteinases (MMPs). MMPs are a family of zinc-containing, calcium-dependent
proteinases that are synthesized in a latent form®. MMPs are believed to become
activated in situ by other proteinases removing the propeptide that is attached to the
active site, allowing the zinc atom in the active site to hydrolyze susceptible protein
substrates®®. They are classified based upon the substrates they digest**>. The MMPs of
importance in OA include the collagenases -1, -2, and -3 (MMP -1, -8, and -13),
stromelysins -1 and -2 (MMP-3 and -10), gelatinases A and B (MMP -2 and -9) and
membrane-type metalloproteinase 1 (MMP -14)°¢.

Under normal conditions w ithin the j oint, M MPs play an important role in the

normal turnover of aggrecan and type II collagen. However, during pathological
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conditions such as in OA, MMPs can be over-produced causing abnormally high turnover

70 MMPs are carefully controlled by endogenous inhibitors, such as

of articular cartilage
the general inhibitor o2-macroglobulin, or a family of specific tissue inhibitors of
metalloproteinases (TIMPs)*. TIMPs are capable of preventing the activation of
proenzymes as well as blocking the action of activated MMPs by forming irreversible,
noncovalent 1:1 complexes, preventing the MMP from reacting with its substrate®’”.
However, it has been demonstrated that there are increased levels of MMPs present
without corresponding increases in TIMP levels in articular cartilage and synovial fluid
from human OA. This suggests that much of the pathology observed in OA may be due

to local imbalances between activated MMPs and TIMPs®"'74,

Therefore, a potential
therapeutic approach in controlling OA would be to inhibit MMPs with synthetically
designed inhibitors.

Many synthetic inhibitors of MMPs have been developed to counteract the action
of MMPs in cancer and OA*®. Many of the first synthetic inhibitors were designed to
mimic the peptide sequences of the MMP substrates. However, these first-generation
inhibitors had low oral bioavailability and were replaced by second-generation inhibitors
that were based on the 3-dimensional structure of the active sites of specific MMPs as
identified by X-ray crystallography*”’. Tanomastat (BAY 12-9566) is a non-peptidic
biphenyl second-generation MMP inhibitor with a zinc-binding carboxyl group®’.
Although it 1s a broad-spectrum inhibitor, it selectively targets MMP -3, -2, -9, and -14,
compared to the collagenases (MMP -1, -8, and -13) (Figure 9.1). It has been shown to

inhibit metastasis and angiogenesis in cancer patients>*® and halt or slow the progression

of OAZ***  In IL-1 stimulated cartilage explant studies, BAY 12-9566 significantly
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reduced the amount of proteoglycan release and collagen degradation in a dose-

223,242

dependent manner Histologic evidence of decreased cartilage lesions after

administration of oral BAY 12-9566 has been demonstrated in a rat adjuvant arthritis

4
123

model™, as well as in canine and guinea pig meniscectomy models of OA, where

cartilage loss was reduced by 50-60% compared to controls in the canine model**.

These reports suggest that BAY 12-9566 has the potential to be a useful anti-arthritic

agent.

|C50 nM
S@ MMP -2 11
O MMP -3 134

0 MMP -9 301
C'@@ o/ MMP -14 414

NI N

MMP -8 2200
MMP -1 >5000
BAY 12-9566 MMP -13 66000

Figure 9.1. Chemical structure for 4-[4-4-(chlorophenyl)phenyl]-4-oxo-2S-phenylthiomethyl) butanoic acid, a
non-peptidic biphenyl second generation MMP inhibitor with a zinc-binding carboxyl group that is commonly
known as Tanomastat or BAY 12-9566. The nanomolar constants for 50% inhibition of specific MMPs by BAY
12-9566 is listed in the table to the right of the structure.

The purpose of this study was to evaluate the efficacy of orally administered BAY
12-9566 in slowing the progression of degradative changes in the stifle joint that occur
secondary to CrCL transection in the dog. Efficacy of BAY 12-9566 was based on
differences detected in the degree of pathology (gross and histologic), clinical parameters
of pain and inflammation (lameness, degree of weight bearing, response to joint
extension, and overall pain score), radiographs, force plate analysis, as well as biomarker
analyses of inflammation (prostaglandin —E;), proteoglycan turnover (sulfated

glycosaminoglycans — sGAG)***, bone formation markers (bone alkaline phosphatase —
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BAP, and osteocalcin — OC) type II collagen synthesis ( carboxy-propeptide o f t ype II
collagen — CPII**, and type I and/or II collagen degradation by collagenase cleavage
(COL2-3/4Cghon and 234CEQ neoepitopes)®?>, in dogs treated with BAY 12-9566
compared to controls. Our hypothesis was that treatment with BAY 12-9566 would
result in significantly less pathologic changes, collagen degradation and proteoglycan
turnover in stifle joints after CrCL transection compared to placebo-treated dogs.

9.3  Materials and methods

The study was conducted under a protocol approved by the Colorado State
University Animal Care and Use Committee. Dogs were obtained through approved
sources by the Colorado State University Laboratory Animal Resources. The study was

~ designed as a randomized, double-blinded, placebo controlled study to confirm the dose
of BAY 12-9566.

9.3.1 Animals and Experimental Protocol. Forty purpose-bred adult male
Walker Hounds with a mean + SD weight of 22.36 & 2.71 kg (range, 16.8 — 29.5 kg) were
studied. Upon arrival, dogs were given routine physical and hematologic examinations.
Orthopedic examination included a separate lameness and physical examination of both
hind limbs as well as radiographs of both stifles. In anticipation of gait analyses, each
dog was acclimated for several weeks to the force platform analysis laboratory and was
led across the force plate by leash, at a trot prior to the start of the study. Selection and
subsequent inclusion required the dogs to be free of pre-existing orthopedic disease of the
stifles based on orthopedic examination and radiographs. In addition, the dogs had to be
able to adequately trot across the force p late with minimal e ffort or coaxing from the

handler.
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All dogs were anesthetized, and the right hind limb was prepared for aseptic
surgery. A lateral parapatellar arthroscopic approach to the right stifle was used to
examine the joint for the presence of any intra-articular pathology. The CrCL was then
transected arthroscopically using a meniscectomy blade (Chapter 2). Analgesia was
administered via a 5 mg fentanyl patch (2.0 pg/kg/hr) that was applied the day before
surgery and was maintained for 72 hours post-operatively. Morphine (1 mg/kg
subcutaneously) was also administered post-operatively for pain, as needed. Cephalexin
(Keflex) was administered intravenously during surgery and was continued orally (10
mg/kg) every 12 hours for 3 days to prevent infection. Throughout the study, all dogs
were housed 1in individual runs. The animals were closely monitored during the first 48
hours post-operatively for any signs of pain, infection, anorexia, or intestinal
complications. To encourage the development of OA, dogs were exercised by leash
walking for 30 minutes every day for 5 days/week, from the second day post-operatively
until 18 weeks.

At 2 weeks post-CrCL transection, dogs were randomized into one of two
treatment groups. Group 1 consisted of 20 dogs that received BAY 12-9566 (5 mg/kg
orally, once a day) (BAYER Corp., West Haven, CT) and group 2 consisted of 20 dogs
that received placebo tablets (5 mg/kg orally, once a day) (BAYER Corp.) Each dog
started receiving their respective treatment on day 14 post-CrCL transection, continuing
daily for 16 weeks. All dogs were euthanized with sodium pentobarbital euthanasia
solution (88 mg/kg) via intravenous injection at 18 weeks post-operatively and both

stifles were disarticulated and examined grossly.
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9.3.2 Sample collection for biomarker analyses. Blood samples were
collected in the morning from the jugular vein prior to surgery (baseline), 1 and 2 weeks
post-operatively, and every 2 weeks thereafter until week 18. Samples were placed in
serum separator tubes and were allowed to clot at room temperature for approximately 30
minutes. The samples were then centrifuged for 10 minutes at 2,500 rpm. Synovial fluid
samples w ere collected from b oth stifles using a lavage method where 5 m1ofsterile
saline w as injected into the joint. T he limb w as then m anipulated for 1-2 minutes to
ensure adequate mixing of the saline and the synovial fluid prior to aspiration of as much
synovial fluid as possible. Fluid was collected prior to surgery, and then again at 2, 10,
and 18 weeks post-operatively. Of the total volume collected, 0.5-1.0 ml was added to a
tube containing EDTA and the remainder was placed in serum separator tubes. The
EDTA tubes were analyzed for total protein (TP) content and white blood cell (WBC)
count. The samples were placed immediately on ice after collection and were centrifuged
at 4 C for 10 minutes at 2,500 rpm. The serum and synovial fluid samples were then split
into multiple aliquots with the interval between sample collection and freezing at -80 C
being under 3 hours. All samples were kept at -80 C until assayed.

9.3.3 Analysis of pathology.

9.3.3.1 Macroscopic grading of lesions. Immediately after sacrifice, the
right and left stifles of all dogs were opened and the lesions were described, measured,
and photographed by a board-certified pathologist (AMB). Gross pathology was
subjectively graded (0-3) for synovial thickening, the degree of medial and lateral
meniscal damage, osteophyte formation, and articular cartilage degeneration, as

previously described (Chapter 5). The evaluations of articular cartilage degeneration and
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osteophyte formation were divided into two basic compartments: the tibial plateaus and
the femoral condyles. Lesion locations for the tibial plateaus were identified as cranial,
middle, the area not protected by the meniscus, and caudal. Lesion locations for the
femoral condyles were proximal, central weight bearing, and central non-weight bearing.
Actual measurements of articular cartilage lesions were made using a micrometer to
derive a calculated set of data points based on length X width X depth score. The depth
of articular c artilage d amage was graded on a scale from 0-4, as previously d escribed
(Chapter 5).

9.3.3.2 Microscopic grading of lesions. After gross examination, the
proximal end of the tibia and distal end of the femur were removed using a band saw to
preserve the articular surfaces and placed in 10% neutral buffered formalin for 5 days.
The sections of femurs and tibias from both stifles were then decalcified in formic acid
and prepared for histopathologic evaluation. The surface area of the articular cartilage of
the tibia and femur were each divided into 2 compartments (medial and lateral). Each
compartment was further subdivided into 3 basic regions (cranial, weight bearing, and
caudal). For each region, 1-2 slabs of bone/cartilage, approximately 2-3 mm thick, were
processed, embedded in paraffin, and sectioned for each dog. Histologic sections were
stained with toluidine blue. Synovial membrane was removed from the cranial portion of
the joint, placed in formalin, sectioned (5um), and stained with hematoxylin and eosin.
Synovial pathology was scored on a scale from 0-3 as previously described (Chapter 5).

Osteophytes were scored on a scale from 0-3 based on presence and size as previously

described (Chapter 5).
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Compartmentalized articular cartilage lesions of the medial tibia, medial femur,
lateral tibia and lateral femur were scored. For cartilage degeneration, lesions were
graded according to the depth/severity (0-5) and area involved (fraction of the total
surface), as previously described (Chapter 5). The area involved was multiplied by the
depth/severity score to arrive at a value for a single section, and values for each of the 3
regions (cranial, weight bearing, and caudal) were summed to give a total for each
compartment. Total values for cartilage degeneration parameters were separately
determined for tibia and femur, and were summed to derive a total joint score.
Measurements of the total lesion width for chondrocyte death, cloning, fibrillation, or
proteoglycan loss were taken across the tibial and femoral surfaces.

9.3.4 Clinical parameters.

9.3.4.1 Subjective pain scoring. Subjective assessments of lameness and
pain were performed before each radiograph and force plate evaluation, prior to CrCL
transection (baseline), and then again at 2, 4, 10, and 18 weeks post-transection. All
subjective scores were performed by the same author (TNT), as previously described
(Chapter 8). Lameness was graded on a scale from 1-4, with 1 representing no lameness
and 4 being severely lame at a walk or trot. The degree of weight bearing when the limb
was at rest was assessed on a scale from 1-3, with 1 representing normal weight bearing
at rest and 3 being non-weight bearing at rest. For subjective assessment of pain, the
limb was lifted off the ground and maximally extended. The response to this limb
extension was assessed on a scale from 1-4, with 1 representing no response and 4
representing a severe response (vocalizes or becomes aggressive). A cumulative overall

pain score was calculated by summing the scores for lameness, weight bearing and joint
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extension. In addition, the degree of joint effusion was subjectively assessed during
arthrocentesis at baseline, 2, 10 and 18 weeks post-surgery. The scale for the effusion
score ranged from 0-3, with O representing no effusion and 3 representing severe
effusion.

9.3.4.2 Radiographic analysis. Imaging procedures were performed with
each d og sedated with a c ombination o f acepromazine ( 0.05 m g/kg), b utorphanol (0.2
mg/kg), and glycopyrolate (0.005 mg/kg) administered intramuscularly. Radiographs
were performed prior to synovial fluid aspiration to prevent artifacts due to
arthrocentesis. Extended mediolateral and craniocaudal radiographs of both stifles were
made prior to transection and then 2, 4, 10, and 18 weeks post-transection using
computed radiography (CR). To quantify the radiographic osteophytic changes that
occurred after CrCL transection, a board-certified radiologist (RDP) assigned grades of 0-
3 based on the presence and size of the osteophytes present in the following locations:
proximal and distal patella, femoral trochlear ridges, medial and lateral tibial condyles,
caudal proximal tibia, tibial intercondylar eminence, medial and lateral femoral condyles,
and the insertion of the CrCL ligament. A total osteophyte score was then determined by
addition of the individual scores for each joint for each examination.

9.3.4.3 Force plate evaluation. The force plate (Model ORG6-5,
Advanced Mechanical Technologies Inc., Newton, MA) was mounted in the center of,
and level with, the surface of a 15-m runway. The signal from the force plate was
processed and stored by use of computer software programs (Acquire, Version 6.3W,

Sharon Software Inc., Dewitt, MI). Dogs were trotted across the force plate by one
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handler prior to having the CrCL transected (baseline), and then again at 2, 4, 10, and 18
weeks post transection, as previously described (Chapter 4).
9.3.5 Biomarker analyses.

9.3.5.1 Prostaglandin-E, (PGE,) analysis. Synovial fluid samples were
subjected to solid phase extraction procedures, as previously described (Chapter 8).
Analysis of the PGE, concentration from the extracted samples was estimated at neet,
using a commercially available ELISA kit (Correlate-EIA, Assay Designs, Inc., Ann
Arbor, MI), as previously described (Chapter 8). Due to limited sample volume, no
interassay coefficient of variation (CV) was performed.

9.3.5.2 Biomarker of type Il collagen synthesis. The serum and
synovial fluid levels of CPII were measured using a commercially available two-step
competitive ELISA (IBEX Technologies, Montreal, CAN) based on a rabbit polyclonal
antibody specific for CPII (R160). Cross-reactivity with dog serum has been
demonstrated by the manufacturer. Serum and synovial fluid samples were analyzed at
neet or 1:2 dilution as previously described (Chapter 7). Interassay coefficient of
variation (CV) was < 9% for the serum and synovial fluid.

9.3.5.3 Biomarker of collagenase-induced type I and II collagen
degradation. Collagenase-mediated cleavage of type I and II collagen was assessed by
measuring the neoepitope in the serum and synovial fluid recognized by the COL2-
3/4Cgort polyclonal antibody using an inhibition ELISA.** Cross-reactivity with the dog
has been demonstrated (Chapter 7). Serum samples were assayed at neet and synovial
fluid samples were assayed at neet or 1:2 dilution. The interassay CV for the serum was

< 14% and for the synovial fluid it was <21%.
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9.3.5.4 Biomarker of collagenase-induced type II  collagen
degradation. Collagenase-mediated cleavage of type II collagen was assessed by
measuring the neoepitope in the serum and synovial fluid recognized by the 234CEQ
polyclonal antibody using a slightly modified inhibition ELISA from that used for the
COL2-3/4Cshm.223 341 Cross-reactivity with the dog has been previously demonstrated
(Chapter 7). The primary 234CEQ antibody dilution was modified to 1:16,000. Serum
and synovial fluid samples were assayed at neet. The interassay CV for the serum was <
12%, and for the synovial fluid it was <20%.

9.3.5.5 Estimation of collagenase-induced type I collagen degradation.
Since the COL2-3/4Cqor antineoepitope antibody recognizes both type I and type II
collagen cleavage, and the 234CEQ antibody recognizes only type II collagen cleavage,
then the amount of type I collagen cleavage can be estimated. This was performed by
subtracting the serum and synovial fluid values for each given dog and measurement
period obtained with the 234CEQ immunoassay from the matching values obtained with
the COL2-3/4Cq,0rt immunoassay. Negative values were assumed to be zero.

9.3.5.6 Determination of proteoglycan turnover. The serum and
synovial fluid were assayed for the sulfated glycosaminoglycan (sGAG) content using a
modification of the colorimetric 1,9-dimethylmethylene blue dye-binding assay.”**
Serum samples were diluted 1:2, whereas the synovial fluid dilutions started at 1:10 and
subsequently decreased, as required, to 1:5, 1:2, or neet, as previously described (Chapter
7). The interassay CV for the serum was < 23%, and for the synovial fluid it was < 28%.

9.3.5.7 Biomarker for early osteoblastic activity. The serum and

synovial fluid levels of BAP were measured using a commercially available ELISA

224

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(Metra™ BAP, Quidel Corporation, San Diego, CA) that is based on a monoclonal
antibody specific for human BAP. Cross-reactivity of the antibody to dog serum has
been demonstrated by the manufacturer. Serum and synovial fluid samples were assayed
at neet, as previously described (Chapter 6). Interassay coefficient of variation (CV) was
< 9% for the serum and < 11% for the synovial fluid.

9.3.5.8 Biomarker for late osteoblastic activity. The serum levels of
intact osteocalcin were measured using a commercially available sandwich ELISA
(Biomedical Technologies, Inc., Stoughton, MA) that is based on monoclonal antibodies
directed toward the amino- and carboxy- terminal regions of the intact human 49 residue
protein. Cross-reactivity of the antibodies to dog serum has been demonstrated by the
manufacturer. Most serum samples were analyzed at 1:3 dilution, as previously
described (Chapter 6), with others being analyzed at 1:5, 1:2 or neet, as required. No
interassay CV was performed due to financial restrictions.

9.3.6 Statistical analysis. All data were expressed as the mean=+ SD unless
otherwise specified. The distribution of the pathology, clinical, and biomarker data were
assessed u sing the K olmogorov-Smirnov test. T he p eak vertical force, and the serum
CPII and synovial fluid CPII data from the right CrCL deficient stifle were normally
distributed. = Data for the 234CEQ, COL2-3/4Cgor, calculated type I collagen
degradation, sGAG, and BAP for the serum and synovial fluid had to be transformed
using the square root, and the serum OC and synovial fluid PGE; data had to be
logarithmically transformed to result in normalization of the data. Data for the subjective
scoring (gross and histologic pathology, lameness, degree of weight bearing, response to

joint extension, overall pain score, effusion score, and radiographic data), as well as the
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peak vertical impulse, and the synovial fluid TP and WBC count were not normally
distributed.

For each of the gross and histologic pathology scores, differences between means
of the treated group and control group were compared using a two-tailed student’s t test.
For all of the biomarker data sets (234CEQ, COL2-3/4Cgor, type I degradation, sGAG,
BAP, CPII, OC, and PGE;) as well as the peak vertical force, the normalized data was
analyzed using a two-way ANOVA with time as the repeated measure and treatment as a
fixed effect. The remainder of the non-parametric data was analyzed using a Wilcoxon
rank sum, to distinguish significant differences between treatment groups as well as due
to time post-transection. A value of P<0.05 was considered significant for all analyses.
All statistical analyses were performed using SAS software (SAS Institute, Cary, NC).
94  Results

All dogs had complete transection of the right CrCL except for one dog in the
control group. Data from this dog was excluded from the remainder of the analyses,
leaving the control group with 19 dogs. No adverse effects due to treatment were noted
in any of the dogs.

9.4.1 Pathology.

9.4.1.1 Macroscopic pathology findings. Comparison of mean
subjective gross scores for the treatment groups demonstrated highly comparable
synovial fibrosis and thickening, and medial and lateral meniscal damage (Figure 9.2A).
Formatiqn of patellar groove osteophytes were more abundant than those on the femur
and tibia (Figure 9.2B). Medial tibial and lateral tibial osteophyte scores were similar

with no significant differences between treatment groups, while lateral femoral
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Figure 9.2. Mean £ SEM for the subjective gross pathology scores for the synovium and menisci (A),
osteophytes (B), and cartilage degeneration (C), and the calculated gross pathology scores for the
medial femoral condyle (D), medial tibial plateau (E), and cumulative tibia, femur and total joint score
(F) for each treatment group (treated and control). The legend next to each graph identifies each bar. A
two-tailed student’s t-test was performed to identify no significant differences between treatment
groups. wt=weight, bear=bearing, ANPM=area not protected by the meniscus.

osteophyte scores were greater than medial femoral osteophytes with no significant
difference between the treatment groups (Figure 9.2B). However, in general, the treated

group had a greater amount of fibrous tissue surrounding the joint capsule. Medial
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femoral and tibial subjective gross scores for cartilage degeneration were greater than the
lateral femoral and tibial scores, but no significant differences were noted between
treatment groups (Figure 9.2C).

Evaluation of the data for cartilage degeneration as the calculated gross scores for
the various regions at risk for d amage ( quantitation o f 1ength X width X depth score)
revealed that medial femoral c artilage d egeneration w as similar b etween the treatment
groups for proximal, central weight bearing and central non weight bearing areas (Figure
9.2D). Lateral femoral condylar degenerative changes were highly variable with no
significant differences between the treatment groups. The cranial medial tibial plateau
which was the area with the overall highest calculated values for cartilage damage was
similar between the treatment groups as were the various other medial tibial regions
(Figure 9.2E). Lateral tibial degenerative changes were highly variable with no
significant differences between the treatment groups. Expressing the data as the sum of
calculated gross scores for tibia or femur indicated that the greatest cartilage damage was
on the tibia where values were slightly greater than double the values calculated for
femur, with no significant differences between the treatment groups for either (Figure
9.2F). Finally, adding the values for tibia and femur to arrive at a total joint score, yielded
similar values between the treatment groups (Figure 9.2F).

9.4.1.2 Microscopic pathology findings. Synovial membrane pathology
was not significantly different between the treatment groups. Evaluation of cartilage
degeneration using calculated scores did not reveal significant treatment differences for
the various medial and lateral compartments (Figure 9.3A). Combining medial and lateral

compartments and expressing the data as a comparison of tibia vs. femur also revealed no
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Figure 9.3. Mean + SEM for the calculated histologic pathology scores for medial and lateral femoral
and tibial cartilage degeneration scores (A), cumulative tibia, femur and total joint score (B), medial
and lateral femoral and tibial lesion depth scores (C), and medial and lateral femoral and tibial lesion
width scores (D) for each treatment group (treated and control). The legend next to each graph
identifies each bar. A two-tailed student’s t-test was performed to identify any significant differences
between treatment groups. Significant differences between treatment groups on the graphs are shown
as *P<0.05. Med=medial, Lat=lateral, Fem=femur, Tib=tibia.

differences between treatment groups, as well as when the scores for tibia and femur
were combined to achieve a total joint score (Figure 9.3B). The depth of cartilage
degeneration was similar for the medial and lateral femoral condyles in both treatment
groups with depths of femoral degeneration being greater than depths of tibial
degeneration. Significant differences for medial tibial depths of degeneration were seen
between the groups with the control group having significantly less than the treated group
(P<0.05) (Figure 9.3C). Measurement of the widths of the medial and lateral femoral

lesions did not reveal significant differences between the treatment groups (Figure 9.3D).
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The widths of medial tibial lesions were significantly greater in treated dogs compared to
controls (P<0.05), while the width of lateral tibial lesions did not show significant
differences between the treatment groups (Figure 9.3D).
9.4.2 Clinical parameters.
9.4.2.1 Subjective scoring Both the degree of lameness and weight
bearing on the CrCL deficient limb became significantly worse compared to baseline
over time (P<0.0001) with no treatment effect (P=0.2463 and P=0.9480, respectively)

(Figure 9.4A and 9.4B). The response to extension of the CrCL deficient stifle became
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Figure 9.4. Mean + SD for the subjective scoring of the clinical parameters of pain and inflammation,
including lameness (A), degree of weight bearing (B), response to joint extension (C), and overall pain
score (D) for each treatment group (treated m and control A) over each evaluation period (0, 2, 4, 10,
and 18 weeks). A two-way ANOVA was performed, with time as the repeated measure and treatment
as a fixed effect. The P value for the effect of treatment is listed on each graph.
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significantly greater over time compared to baseline (P<0.0001), and the treated dogs had
a significantly greater response to joint extension than control dogs (P=0.0387), that was
evident at 18 weeks post-CrCL transection (Figure 9.4C). The overall pain score for the
CrCL deficient limb was significantly greater than baseline throughout the study
(P<0.0001) with no treatment effect (P=0.0750) (Figure 9.4D). The effusion score
increased significantly from baseline throughout the study (P<0.0001) with no treatment
effect (P=0.3016) (Figure 9.5A). The total protein content and the WBC count in the
synovial fluid from the CrCL deficient stifle both increased significantly from baseline
over time (P<0.0001) with no treatment effect (P=0.7998 and P=0.7017, respectively)
(Figure 9.5B and 9.5C).

9.4.2.2 Radiographic analysis. The total radiographic osteophyte scores
increased significantly from baseline throughout the study (P<0.0001) with no treatment
effect (P=0.4255) (Figure 9.5D).

9.4.2.3 Force plate analysis. The peak vertical force and its respective
impulse decreased significantly from baseline throughout the entire study (P<0.0001),
with no treatment effect (P=0.3906 and P=0.8321, respectively) (Figures 9.5E and 9.5F).

9.4.3 Biomarker analyses.

9.4.3.1 Articular cartilage markers in the serum. The serum CPII
concentrations (type II collagen synthesis) decreased significantly from baseline over
time (P<0.0001) with no treatment effect (P=0.4037) (Figure 9.6A). The serum 234CEQ
concentrations (type II collagen degradation) increased significantly from baseline over
time (P=0.0002) with no treatment effect (P=0.2924) (Figure 9.6B). The serum COL2-

3/4Cghore concentrations (type I and II collagen degradation) as well as the estimation of
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Figure 9.5. Mean + SD for the treated (m) and control (A ) dogs over each evaluation period (0, 2, 10,
and 18 weeks for A-C and 0, 2, 4, 10, and 18 weeks for D-F) for the following clinical parameters:
effusion score (A), synovial fluid TP content (B), synovial fluid WBC count (C), total radiographic
osteophyte score (D) and the peak vertical force and impulse (E and F). A two-way ANOVA was
performed, with time as the repeated measure and treatment as a fixed effect. The P value for the effect
of treatment is listed on each graph.
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type 1 collagen degradation (COL2-3/4Cgone — 234CEQ) decreased significantly from
baseline over time (P<0.0001) with no treatment effect (P=0.4567 and P=0.3755,
respectively) (Figure 9.6C and 9.6D). T he serum s GAG concentrations ( proteoglycan
turnover) decreased significantly from baseline over time (P<0.0001) with no treatment
effect (P=0.2588) (Figure 9.6E).

9.4.3.2 Inflammatory and articular cartilage markers in synovial
fluid. The synovial fluid CPII concentrations (type II collagen synthesis) in the CrCL
deficient stifle increased significantly from baseline throughout the study (P<0.0001)
with no treatment effect (P=0.5320) (Figure 9.7A). No analyses for CPII were performed
on the synovial fluid from the contralateral joint. The synovial fluid 234CEQ
concentration (type II collagen degradation) from the CrCL deficient stifle increased
significantly from baseline throughout the study (P<0.0001) with no treatment effect
(P=0.9618), and the concentrations in the contralateral stifle did not differ from baseline
over time (P=0.5721) and had no treatment effect (P= 0.7710) (Figure 9.7B). The
synovial fluid COL2-3/4Cgnon concentration (type I and II collagen degradation) and the
estimated synovial fluid type I collagen degradation (COL2-3/4Cghore — 234CEQ) from the
CrCL deficient stifle increased significantly from baseline throughout the study
(P<0.0001) with no treatment effect (P=0.0572 and P=0.0554, respectively) (Figure 9.7C
and 9.7D). The synovial fluid COL2-3/4Cg,o concentrations and the e stimated type I
collagen degradation in the contralateral stifle did not differ from baseline over time
(P=0.0958 and P=0.2301, respectively) and had no treatment effect (P= 0.2279 and
P=0.3902, respectively) (Figure 9.7C and 9.7D). The synovial fluid sGAG concentration

(proteoglycan turnover) from the CrCL deficient stifle increased significantly from
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Figure 9.6. Mean + SD for the articular cartilage biomarkers in the serum, including CPII (A),
234CEQ (B), COL2-3/4Cy (C), calculated type 1 collagen (D) and sGAG (E) for each treatment
group (treated w and control A) over each evaluation period (0, 1, 2, 4, 6, 8, 10, 12, 14, 16 and 18
weeks). A two-way ANOVA was performed, with time as the repeated measure and treatment as a
fixed effect. The P value for the effect of treatment is listed on each graph.
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Figure 9.7. Mean + SD for the articular cartilage biomarkers (A-E) listed in Figure 6, and
Prostaglandin-E2 (PGE,) (F) from the synovial fluid of the treated (m) and control (A) dogs of the
CrCL deficient stifles in A and F. Graphs B-E shows the synovial fluid values in the CrCL deficient
stifles (Op — Operated) for the treated (m) and control (A) dogs, as well as the levels from the
contralateral joint (Non-Op — Non-operated) for the treated (o) and control (A) dogs for each evaluation
period (0, 2, 10, and 18 weeks). A two-way ANOV A was performed, with time as the repeated measure
and treatment as a fixed effect. The P value for the effect of treatment is listed on each graph.
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baseline over time (P<0.0001) with no treatment effect (P=0.1946), and the
concentrations in the contralateral stifle decreased significantly from baseline over time
(P<0.0001), with no treatment effect (P=0.4020) (Figure 9.7E). The synovial fluid
concentrations of PGE, (synovial inflammation) in the CrCL deficient stifle increased
significantly from baseline throughout the study (P<0.0001) with no treatment effect
(P=0.9182) (Figure 9.7F).

9.4.3.3 Bone formation markers. The serum BAP and OC
concentrations decreased significantly from baseline over time (P<0.0001) with no

treatment effect (P=0.7890 and P=0.1419, respectively) (Figure 9.8A and 9.8B). The
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Figure 9.8. Mean + SD for the bone formation markers BAP (A) and OC (B) in the serum, and BAP in
the synovial fluid (C). Serum samples are shown for the treated (m) and control (A) dogs for each
evaluation period (0, 1, 2, 4, 6, 8, 10, 12, 14, 16, and 18 weeks). Synovial fluid BAP values are shown
in the in the CrCL deficient stifles (Op — Operated) for the treated (m) and control (A) dogs, as well as
the levels from the contralateral joint (Non-Op — Non-operated) for the treated (o) and control (A) dogs
for each evaluation period (0, 2, 10, and 18 weeks). A two-way ANOVA was performed, with time as

the repeated measure and treatment as a fixed effect. The P value for the effect of treatment is listed on
each graph.
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synovial fluid BAP concentration from the CrCL deficient stifle increased significantly
from baseline throughout the study (P<0.0001) with no treatment effect (P=0.2108), and
the concentrations in the contralateral stifle did not differ from baseline over time
(P=0.2790), with no treatment effect (P=0.7369) (Figure 9.8C).
9.5  Discussion

MMPs are potent degradative enzymes that have to be carefully controlled to
minimize their effect upon extracellular matrix turnover. Endogenous control by a2-
macroglobulin and TIMPs, have limited potential to inhibit increased MMP activity
during OA*™*. This may be partially due to their size, limiting access to the extracellular

matrix’ .

Many synthetic MMP inhibitors have been designed226, but only a few have
been shown to have adequate bioavailability, successful delivery to the intra-articular
environment with effective tissue concentrations and minimal side effects’®. One of these
synthetic inhibitors is BAY 12-9566. It is a second-generation inhibitor designed
primarily to inhibit MMP-3. It has been shown to have good oral bioavailability at
multiple doses, with good penetration into the synovial fluid and articular cartilage even
though it is highly protein bound (99.9%)**°**! | with minimal side effects, showing only
mild to moderate thrombocytopenia and elevated liver enzymes in human cancer

patients® 8. In vitro, IL-1 stimulated cartilage explant studies have demonstrated dose

223242
, and

dependent inhibition of proteoglycan release and type II collagen degradation

early studies in animal models of OA demonstrated reduced histopathologic cartilage

241,
loss?13,

These preliminary studies of BAY 12-9566 demonstrated that it has the potential

to decrease cartilage degeneration and be a novel therapeutic for delaying the progression
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of OA. In our study, the macroscopic and histologic lesions induced by CrCL transection
were highly variable between dogs with respect to incidence, location, severity and type,
as previously d escribed (Chapter 5), with the v ariability b etween the treatment g roups
being similar. Comparisons of gross pathology data demonstrated no significant
differences between the BAY 12-9566 and placebo treated dogs for the various joint
compartments whether the data was evaluated as an overall subjective score or a
calculated value that was based on actual measurement of lesions. Moreover, the
histologically-determined depth and width of the medial tibial plateau lesions were
significantly worse when the dogs were treated with BAY 12-9566, than the control dogs.
Therefore, results of this study did not demonstrate a significant difference between BAY
12-9566 and placebo treated dogs in terms of overall cartilage degeneration, synovial
pathology or osteophyte formation after CrCL transection. This apparent lack of
protection of articular cartilage and failure to improve limb function in the BAY 12-9566
treated dogs in our study was supported by the biomarker analyses and clinical
parameters of pain and inflammation.

The results of our study are similar to clinical trials of OA and rheumatoid
arthritis (RA), in which no therapeutic benefits of MMP inhibitors could be
established””’**°. Potential reasons for the lack of efficacy of MMP inhibitors could be
due to the fact that the role of each MMP in physiological and pathological processes of
OA are not completely understood®®. BAY 12-9566 is similar to most MMP inhibitors
in that it is broad-spectrum, but focuses on a particular group of MMPs, such as the
stromelysins. However, there is debate as to which particular MMP would be most

beneficial to focus on to obtain maximal efficacy against OA**’. MMP-3 was targeted in
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the development of BAY 12-9566 because MMP-3 can degrade aggrecan, link protein,
gelatins, type IV collagen, collagen cross-links, and other non-collagenous proteins65 o7
while also having the ability to activate procollagenases®*®. Therefore, inhibition of
MMP-3 has the p otential to directly inhibit a ggrecan d egradation as well as indirectly
inhibit collagenase-induced cleavage of type II collagen. However, the levels of BAY
12-9566 administered in our model of OA did not prevent cartilage damage when
compared to the placebo-treated controls.

There are many potential reasons why BAY 12-9566 did not result in significantly
less articular cartilage degradation than the controls in our study. First of all, it has been
suggested that in order for MMP inhibitors to have the most dramatic effect in preventing

3 In our

irreversible joint destruction, they must be given early in the disease process
study, we did not start administering BAY 12-9566 until 2 weeks post-CrCL transection.
The timing was based on the assumption that treatment of OA 1is generally initiated well
after the original insult. The potential exists for a prophylactic effect if we began
administration prior to CrCL transection or just after transection. However, the OA
changes in our canine CrCL transection model are representative of the early stages of the
disease process in which a therapeutic effect should be seen when compared to humans
where the natural disease process is generally further advanced. Secondly, it should be
noted that MMPs are not the only enzymes capable of causing breakdown of articular
cartilage. Other proteinases such as serine and cysteine proteinases or aggrecanase380
could still contribute to cartilage degradation even if the MMPs were inhibited. In

addition, since multiple MMPs have overlapping specificity, it is also possible that MMP

inhibition of one MMP at the protein level can be overcome by upregulation of MMP
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production at the genetic level, or that another MMP could intervene and degrade
articular cartilage in place of the inhibited one’®'.

Most of the scores for the clinical parameters as well as the concentrations of the
synovial fluid biomarkers in our study increased significantly between baseline
examinations and when BAY 12-9566 administration was started at 2 weeks post-CrCL
transection. T his response w as d ue to the instability and inflammation created by the
model, which has been described elsewhere (Chapters 4-8). This suggests that the
efficacy of BAY 12-9566 may have been improved if anti-inflammatories, such as non-
steroidal anti-inflammatory drugs (NSAIDs), were administered either immediately after
transection, as occurs in many clinical situations, and/or concurrently with BAY 12-9566.
The combination of NSAIDs and BAY 12-9566 have been shown to be well tolerated in

> and would have the potential to maximize the inhibitory activity against

~ humans™®
MMPs. NSAIDs block prostaglandin production through inhibition of the cyclo-
oxygenase (COX) pathway, which in turn will decrease the inflammatory process, likely
decreasing the levels of IL-1 and TNF a. Therefore, when combined with BAY 12-9566,
NSAIDs have the potential to decrease gene expression of the MMPs by regulating IL-1
and TNF o mediation of MMP synthesis®® while BAY 12-9566 would inhibit MMP
activity at the protein level by preventing activation and/or inhibiting previously activated
MMPs.
In general, when studying MMP inhibitors such as BAY 12-9566, animal models
of OA have been advantageous over clinical trials in humans. Therapy can be started

early in the disease process, allowing for the maximal potential efficacy of the drug, as

well as being able to directly examine the resulting pathological changes. It has been
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stated that additional ways of examining OA progression need to be established that
would allow for identification of cartilage preservation, especially in short term studies of
human OA*. Our study attempted to address this issue by using multiple biomarkers of
collagen synthesis and degradation and proteoglycan turnover, as well as indirect markers
of joint damage, such as PGE,, the bone formation markers, and effusion scores. In
addition, we combined subjective analysis of symptoms of abnormal joint function
(lameness scores, degree of weight bearing, etc.) with objective analysis of lameness
(force plate) and physical measures of cartilage damage (radiographs) to determine the
efficacy of BAY 12-9566 in our model. To the authors’ knowledge, this is the first time
data for the synthetic, degradative, symptomatic, and physical changes have been
assimilated in e xamining the e fficacy ofa M MP inhibitor in an animal model of O A.
The combination of these analyses proved to be sensitive indicators of changes occurring
in this model of OA, while at the same time identifying that BAY 12-9566 does not
significantly alter the progression of the disease process.

It is also important to mention that BAY 12-9566 is only one of many MMP
inhibitors that have been designed®®. Many of these inhibitors are structurally and
functionally different with potentially radically different inhibitory patterns. Therefore,
the lack of success of BAY 12-9566 in this model of OA cannot necessarily be
considered to be representative of the efficacy of other MMP inhibitors in this or any
other model of OA. Moreover, given the severity and variability of this model, it is still
possible that BAY 12-9566 could prove beneficial with models involving milder OA
changes and/or combined with other agents, such as NSAIDs. The results of this study

do suggest that other pathways of articular cartilage degradation, such as the

241

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



inflammatory c ascade, or other proteinases (aggrecanase), may need to be inhibited as
well, in order to preserve articular cartilage. All phase III clinical trials for the use of
BAY 12-9566 in human patients with OA and cancer have been halted by an independent
Data Safety Monitoring Board. This was done because of safety concemns identified in a
phase III clinical study of small cell lung cancer in which there was a significant increase
in both disease progression and mortality in those individuals receiving BAY 12-9566

38 Therefore, the combination of this human

compared to those receiving the placebo
health concern, combined with the lack of articular cartilage preservation demonstrated in
our study, suggests that BAY 12-9566 will not be used as a sole therapeutic for the
treatment of OA in humans or animals.

In summary, the administration of BAY 12-9566 did not significantly affect the
development of OA secondary to CrCL transection in the dog, as determined by
examination of the pathological changes (gross and histology), clinical effects (subjective
pain and effusion scores, radiographs, and force plate), and biomarker analyses

(inflammation, collagen synthesis, collagen degradation, proteoglycan turnover, and bone

formation).
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10 SUMMARY

The main objectives of this study were described in chapter 1. This chapter will
be divided by each objective and will briefly summarize and discuss the relevant findings

related to each objective.

10.1 Objective 1: to develop and describe an arthroscopic approach to
transect the cramial cruciate ligament (CrCL) in dogs for the creation of an
experimental model of OA.

Arthroscopy of the canine stifle requires patience and practice with little margin for error.
Even though there are other studies that report the use of arthroscopy for CrCL
transection (Chapter 1 and 2), a complete description of the technique was lacking.
Therefore we described our arthroscopic technique for CrCL transection using a
meniscectomy blade. It produced a model of OA with little post-operative morbidity and
iatrogenic damage to the other intra-synovial structures (Chapter 2). This was
accomplished by placing the limb in maximal flexion while establishing and maintaining
adequate distention throughout the procedure so that a sharp meniscectomy blade could
be easily inserted through a medial approach. Two passes of the meniscectomy blade in a
medial to lateral direction were generally required (57% of the dogs) to completely
transect the CrCL. This transection could be performed with minimal resection of the fat
pad (13% of the dogs). However, when visualization of the ligament became difficult

due to the fat pad, hemorrhage, or perarticular fluid, visual
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confirmation of transection was difficult. This resulted in partial transection of the CrCL
in one of the original dogs utilized in this study (Chapter 2). Once the surgeon has
experience with the arthroscopic procedure for CrCL transection described in this report,
it is a very reliable and reproducible technique for the induction of OA in the dog

allowing evaluation of novel anti-arthritic agents for both animals and humans.

10.2 Objective 2: to determine, using clinical, macroscopic, microscopic,
and biomolecular analyses, the efficacy of a disease modifying drug that inhibits the
action of some of the major degradative enzymes responsible for catabolic changes

in a joint after CrCL transection.

Tanomastat, BAY 12-9566, is a broad-spectrum synthetic inhibitor of matrix
metalloproteinases (MMPs). Since MMPs are potent degradative enzymes that have been
shown to degrade the extracellular matrix of articular cartilage, then inhibition by BAY
12-9566 should protect against articular cartilage degradation during OA (Chapter 1 and
9). The efficacy of BAY 12-9566 in our study was evaluated by examination of the
pathological changes (gross and histology), clinical effects (subjective pain and effusion
scores, radiographs, and force plate), and biomarker analyses (inflammation, collagen
synthesis, collagen degradation, proteoglycan turnover, and bone formation) secondary to
CrCL transection in the dog. All of these analyses did not demonstrate any cartilage
preservation of the joints of dogs that received BAY 12-9566 (20 dogs) compared to
those receiving a placebo (19 dogs) (Chapter 9). To the authors’ knowledge, this was the
first time that the efficacy of an MMP inhibitor designed for OA has been examined
using all of the analyses described. However, additional analyses of MMP activity or

MMP mRNA expression would have also been beneficial to determine whether inhibition
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of MMPs was indeed accomplished at the dosage administered in this study. Activity
assays were not performed due to a lack of cross-reactivity of commercially available kits
to the dog, and mRNA expression was to be determined using real-time polymerase chain
reaction, (RT-PCR) but our source for the sequences of canine MMPs did not materialize.
Reasons for the failure of BAY 12-9566 to protect articular cartilage may be related to
the variability of the model (Chapter 5), the timing of initial administration (day 14 post-
CrCL transection), and the potential that other pathways need to be inhibited in addition
to MMPs. This includes the need for anti-inflammatory agents, as well as inhibitors of

other proteinases, such as aggrecanase (Chapter 9).

10.3 Objective 3: to characterize the temporal pattern of clinical,
macroscopic and biomolecular changes that occur in a joint after CrCL transection
using non-invasive methods including: arthroscopy, force plate and radiographic
analyses, as well as biomarker analyses of inflammation, collagen synthesis and
degradation, proteoglycan turnover, and bone formation.

Arthroscopy was performed serially after CrCL transection (day 14, 28, 70, and
126) 1n three additional dogs to allow temporal identification of the damage sustained to
the synovium, articular cartilage, menisci, and meniscotibial ligament after CrCL
transection (Chapter 3). Articular cartilage and medial meniscal damage started as early
as 2 weeks after CrCL transection, and generally progressed from there. Stretching or
rupture of the cranial meniscotibial ligament of the medial meniscus was identified to a
variable d egree in all three d ogs for the first time, and the clinical importance o f t his
injury still needs to be defined. The degree of synovitis peaked at one month after CrCL

transection and then decreased over time but never completely subsided (Chapter 3).
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Overall, this study demonstrated that clinically relevant osteoarthritic changes start to
occur as early as 2 weeks after CrCL transection and will likely progress when the joint is
not stabilized.

Due to the fact that meniscal damage was identified in the early period after CrCL
transection, and is presumed to cause the dog to become acutely lame (Chapter 1 and 4),
force plate examination was used to try to determine whether meniscal damage could be
identified objectively. Out of the 39 dogs with complete CrCL transection in our study,
12 (31%) had a > 10% decrease in the peak vertical force identified in successive force
plate measurements made at some point between 2 and 18 weeks after CrCL transection.
This was theorized to represent recent medial meniscal injury. The mean £ SD meniscal
grade for these 12 dogs was 2.58 + 0.67 (out of a maximum of 3) which was significantly
higher (P=0.0035) than for the remaining 27 dogs (1.56 = 0.89) that represented the
“typical” changes in peak vertical force identified in previous reports following CrCL
rupture/transection (Chapter 4). The results of this study provide a potential non-invasive
way to objectively delineate the temporal pattern of meniscal injury after CrCL
rupture/transection.

Radiographic evidence of osteophytes is one of the hallmarks of diagnosis of OA,
however, its relationship to biomarker levels of bone formation identified by bone
alkaline p hosphatase ( BAP) or o steocalcin (OC) has not been previously reported. In
addition, the identification of BAP and OC in the serum and/or synovial fluid has rarely
been examined in osteoarthritis models (Chapter 6). Using the 19 placebo dogs, we
identified decreased levels of BAP and OC biomarkers from baseline in the serum, except

for an early increase in OC levels at 7 days after CrCL transection in dogs. This peak at
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day 7 may be explained by an early response of the entire skeleton to a regimented
exercise protocol started at day 2. OC was not examined in the synovial fluid in
deference to examination of other biomarkers in the synovial fluid. The BAP
concentration in the synovial fluid of the CrCL deficient stifle increased over time, and
positively correlated with the total osteophyte score (r=0.6705, P=0.0001). The ratio of
BAP in the synovial fluid compared to the serum increased by days 70 and 126 post-
transection. When combined with a lack of significant difference from baseline in the
contralateral stifle, these results suggest that the BAP in the synovial fluid was being
locally produced by newly forming osteophytes (Chapter 6). Therefore, the evaluation of
BAP levels in the synovial fluid has the potential to be a more sensitive indicator of
osteophyte development in the early stages of secondary OA than radiographs.

In order to understand the relative c ontribution o f synthesis and degradation to
this model of OA, we used biomarker analyses of the carboxy-propeptide of type II
collagen (CPII) as a representative of type Il collagen synthesis, and the COL2-3/4Cghort
and 234CEQ anti-neoepitope antibodies for identification of type I and II collagen
degradation and type II collagen degradation, respectively, in the serum and synovial
fluid (Chapter 7). This was the first report to identify that the 234CEQ antineoepitope
antibody recognizes the % fragment created by collagenase cleavage o f canine type II
collagen, as well as demonstrating that the CPII, COL2-3/4Cson, and 234CEQ assays
were able to be detected in the s ynovial fluid and serum from d ogs with a transected
CrCL (Chapter 7). Using the placebo dogs, synovial fluid was the superior fluid for
analysis of these biomarkers compared to serum. Type II synthesis (CPII) and

degradation (234CEQ) were both increased after CrCL transection in the dog, with
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synthesis predominating early and degradation predominating at the end of the study,
when proteoglycan turnover was also shown to significantly increase. In addition, the
relative c ontribution o ftype I collagen d egradation w as d etermined by subtracting the
values of 234CEQ from COL2-3/4Cy,on, and showed that type I collagen degradation
predominated early and type II collagen degradation predominated at the end of the
study. The source of type I collagen likely varies based upon the stage of the disease
process, ranging from the early fibrinous response to the late damage sustained by the
meniscus (Chapter 7).

Inflammation is considered to be one of the main causes for the initiation and
continuation of the OA process after the stifle is made unstable from CrCL transection
(Chapter 1 and 8). Therefore, we examined the levels of prostaglandin E; (PGE,) in the
synovial fluid after CrCL transection, and compared its values to the clinical parameters
related to pain and inflammation, as well as force plate analysis (Chapter 8). Using the
19 placebo dogs, PGE, concentrations in the synovial fluid from the joints of dogs that
had CrCL transection were significantly elevated from baseline throughout the study,
peaking at 14 days post-transection. Correlation analyses revealed a significant negative
correlation between the synovial fluid levels of PGE,; and both the peak vertical force and
impulse derived from force plate analysis. In addition, there were significant positive
correlations of the PGE, concentrations with all of the clinical parameters examined
(lameness, degree of weight bearing, joint extension, overall pain score, effusion score,
and synovial fluid total protein content) except for synovial fluid white blood cell count

(Chapter 8). These results suggest that PGE, in the synovial fluid likely is involved in
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the acute inflammation and associated lameness and pain during the early stage after
CrCL transection in the dog.

Through the use of the above listed biomarkers, valuable information was gained
regarding the identification and use of these markers in body fluids. However, when
examining which fluid provided the most information with regards to the changes
identified after CrCL transection in the dog, synovial fluid was superior to serum. This is
most likely due to its proximity to the articular surface combined with the fact that further
proteolytic cleavage of the matrix fragments occurs in the serum potentially making them
unidentifiable by the antibodies used for their d etection (Chapter 1). An attempt was
made to identify biomarkers that would represent changes related to inflammation, as
well as synthesis and degradation of type II collagen synthesis, and bone turnover. The
use of these markers in this model of OA was among the first described in body fluids,
especially when related to other clinical parameters. However, to complete the picture, it
would have been good to include a marker of aggrecan synthesis, such as CS846 to
complement the proteoglycan turnover, and a bone degradation marker such as the
carboxy-telopeptide of type I collagen (CTx) to complement the bone formation markers.
However, we did attempt to identify pyridinoline cross-links in the serum (Serum Pyd) of
7 dogs, but found no differences over time. The bone formation markers, BAP and OC in
the serum had similar findings, indicating that both did not have to be performed
(Chapter 6). Based on the levels of BAP identified in the synovial fluid, it would be the

logical marker to use in future studies.
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10.4 Objective 4: to analyze the macroscopic variability of this
osteoarthritis model.

When examining all of the analyses used in this study, we noticed that there was
considerable variation in the pathology present between dogs. This has rarely been
mentioned in previous reports, using this model, in which < 4 dogs were generally used
per group (Chapter 1 and 5). The coefficient of variation (CV) for the macroscopic and
microscopic changes identified in our study were 21-436% and 27-424%, respectively,
with the CV being much greater the more specific the analysis. Based on these findings,
12 dogs would be required to obtain 80% power (Chapter 5). The results of our study
demonstrate that the gross and histologic pathology changes present after CrCL
transection in a large group of dogs was highly variable between dogs with respect to
incidence, location, severity, and type of lesions present. This between-subject variation
should be an important consideration when planning to use this model for future projects,
or when drawing conclusions from studies that involve small group sizes. This
variability makes it difficult to determine whether treatment effects are not being
elucidated because of the variability or because the inhibitor does not protect articular
cartilage. However, when the variability was examined between the two treatment
groups, it was very similar between the groups, making it more likely that the MMP
inhibitor was not effective. However, further studies in a model with less variability in
pathology, such as a meniscectomy model, may be prudent before determining that BAY
12-9566 has no chondroprotective effect.

In summary, we designed and created a model of osteoarthritis in the dog by

arthroscopically transecting the CrCL. We managed to help distinguish some of the
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temporal patterns of clinical and biochemical changes that occur after CrCL transection
that may be valuable in predicting or identifying various aspects of early OA. Moreover,

we determined the lack of efficacy of the MMP inhibitor, BAY 12-9566, in this

experimental model of OA.
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