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ABSTRACT

Objective: Our in vitro study evaluated chondrocyte death in canine articular cartilage
exposed to 0.5% bupivacaine without (B) and with methylparaben (BP) and compared
the viability with intact (SI) and mechanically debrided surfaces (SR). We hypothesized
that B or BP would cause chondrocyte death in vitro in a time dependent manner and that
chondrocyte death would be increased in SI osteochondral cores compared to SR.
Materials and Methods: Intact cartilage cores with underlying subchondral bone were
collected aseptically from both humeral heads of 16 fresh canine cadavers. Joints from
each dog were randomly assigned to SI or SR. Ten osteochondral cores were harvested
from each humeral head. Synovium and one core were examined to verify joint health.
The remaining 9 cores were exposed at random to canine chondrocyte culture media
(CCCM), B, or BP for 5, 15, or 30 minutes. The pH of each solution was measured at the
beginning and end of each treatment. The treated cartilage was stained with ethidium and
calcein and digital images were captured under laser confocal microscopy. Three zones
of each core (superficial, middle, deep) were examined. The number of dead/ (live+dead)
chondrocytes were counted with digital image editing software. The proportion of dead
cells (chondrocyte death) was expressed as a percentage and transformed to follow a
normal distribution for analysis.

Results: Superficial zone of SI—The BP had significantly higher %cell death at 5
minutes (47.7%) than B (23.6%) or CCCM (25.4%) but by 30 minutes B (53.8%) and BP
(62.5%) was similar while CCCM (20.0%) remained unchanged and significantly lower.
Superficial zone of SR—The BP had significantly higher %cell death at 30 minutes
(59%) compared to 5 minutes (37.7%); The BP had significantly higher %cell death at 30
minutes (59%) than CCCM (28.9%). The pH was significantly lower for B (5.81-6.52)
and BP (5.36-6.36) than CCCM (7.51-7.85).

Conclusions and Clinical Relevance: This study shows a cytotoxic effect of 0.5%
bupivacaine with and without preservative on canine articular chondrocytes in a time
dependant manner in vitro. Intra-articular administration of 0.5% bupivacaine with or

without preservative should be used with caution.

vii



CHAPTER 1: BACKGROUND AND REVIEW OF THE LITERATURE

Bupivacaine is an amide local anesthetic with an intermediate onset of action, a high
potency due to its lipid solubility, and a long duration of action. When local anesthetics are
combined with systemic analgesics, less systemic analgesics are required and negative side
effects of these drugs can be minimized'. Intra-articular bupivacaine is an effective analgesic in
the perioperative period in people, sheep, and dogs'™. It is used as a component of multimodal
perioperative pain management after arthrotomy or arthroscopy in dogs . Currently accepted
intra-articular administration protocols in dogs employ bupivacaine preserved with
methylparaben or preservative-free bupivacaine at 0.25% or 0.5% concentrations'>.

Bupivacaine is used for intra-articular analgesia despite clear understanding of its effects
on articular cartilage. Use of intra-articular bupivacaine in dogs has been considered safe due to
reports in previous studies®™. In an in vivo study in pigs and dogs, structural damage to
chondrocytes was not evident up to 4 to 6 days after intra-articular administration of varying
concentrations of bupivacaine in saline solution®’, although proteoglycan synthesis was inhibited
for at least 3 days®. Cartilage degeneration was not apparent following intra-articular
administration of bupivacaine in dogs after 1, 14, and 28 days based on histopathologic
evaluation®. These results are open to interpretation due to the subjective nature of
histopathologic evaluation and grading and the assumed correlation between gross appearance
and cellular function. To date, no studies have been performed assessing whether bupivacaine
causes chondrocyte death.

Despite the aforementioned studies, more recent case reports of complications in people
and investigations on bovine, rabbit, and human cartilage have raised concerns that intra-articular
administration of bupivacaine may result in chondrolysis and subsequent rapid onset of

9-16

osteoarthritis™ . In vitro exposure of human, bovine, and rabbit articular cartilage to bupivacaine

resulted in chondrocyte death®'*'°

. In a clinical trial investigating intra-articular administration
of 0.5% bupivacaine in rabbits, articular cartilage damage and synovial inflammation were
observed over 10 days’. In vitro exposure of bovine cartilage to 0.5% bupivacaine significantly
increased chondrocyte death'*. Chondrocyte death was increased to a lesser extent in intact

14
.In

cartilage (26%) compared to cartilage with mechanically disrupted articular surface (75%)
vitro mixture of bupivacaine with methylparaben preservative and human osteoarthritic synovial

fluid resulted in a crystalline precipitate in half of the four samples tested’. When human



articular chondrocyte cultures were exposed to 0.25% bupivacaine for 15 minutes, significant
time and dose dependent chondrocyte death occurred'”.

Considering that loss of chondrocytes can result in development of chondrosis and
osteoarthritis'’, the recent evidence that intra-articular use of bupivacaine results in chondrocyte
death in some species is disconcerting”'®. Although increased chondrocyte death has been

9,13-16
777 these

observed after human, bovine and rabbit articular cartilage is exposed to bupivacaine
results can not be directly extrapolated to dogs due to species variation in cartilage composition
and physiology. Furthermore, the effect of the pH or the preservative methylparaben on
chondrocyte death in dogs is unknown. The purpose of our in vitro study was to measure
chondrocyte death in articular cartilage of dogs exposed to 0.5% bupivacaine with and without
methylparaben preservative and to compare the effect on intact and mechanically debrided
articular surfaces. We hypothesized that exposure of canine articular cartilage to 0.5%
bupivacaine would increase chondrocyte death in a time-dependent manner over 5 to 30 minutes
and that chondrocyte death would be increased to a lesser extent in surface intact cartilage cores
compared to those with the surface mechanically debrided.
1.1 Bupivacaine
Local anesthetics act by reversibly blocking the propagation of action potential along

1820 They are relatively

nerve axons by reversibly binding to voltage-gated sodium channels
unique in that their application is applied directly to the target tissue, meaning that systemic
circulation is not required for the desired effect. Local anesthetics prevent or reduce pain or
nocioceptive input by interrupting neural transmission in sensory afferent nerves or tracts after
local tissue infiltration, regional nerve blocks, or epidural or intrathecal (subarachnoid)
injection®”. The use of local anesthetics offer additional benefit to the patient by avoiding general
anesthesia or reducing the amount of general anesthetics required to perform various procedures.
Bupivacaine has the chemical name of 1-Butyl-2’, 6 pipecoloxylidide-HCI (Figure 1.1). It
may be dosed at 0.25% for infiltration, 0.5% for nerve and epidural blocks®. It has an
intermediate onset of action and a duration of 3-10 hours®. It has a lipid solubility of 30
(procaine is 1) and an acid dissociation constant (pKa) of 8.1. It is 95% protein bound and has a
molecular weight of 288 daltons™.
1.1.1 History of Local Anesthetics

Cocaine was the first clinically used local anesthetic®’. This plant alkaloid was extracted

from the coca leaf originally found in the Andes Mountains. The local inhabitants of the region



would chew or suck the leaves and achieve a sense of well-being. Gaedicke first extracted
erythroxylin (the coca plant is also known as Erythroxylon coca) from the coca leaf in 1855.
Later, Niemann isolated cocaine in 1860. The first clinical use of cocaine as a local anesthetic
was by a Peruvian army surgeon”’. Koeller first reported cocaine’s use as an ophthalmic local
anesthesia in 1884'. Following its applications as an ophthalmic anesthetic, it was then applied
as a peripheral nerve block by Halsted and for spinal anesthesia by Bier™.

Due to cocaine’s addictive and toxic side effects, the first synthetic local anesthetic was
developed. Procaine, an ester of para-aminobenzoic acid, was developed by Einhorn in 1904 and
led to the formulation of other benzoic acid derived local anesthetics. Other amino-ester local
anesthetics were then synthesized including tetracaine in 1932 and chloroprocaine in 1955. In
1943, Lofgren developed lidocaine, an amide derived from diethylaminoacetic acid. More local
anesthetics were developed including mepivacaine in 1956, bupivacaine in 1957, prilocaine in

1959, etidocaine in 1971, articaine in 1974, and ropivacaine in the 1980°s!-2%%3

. More recently,
levobupivacaine, the pure S- (-) enantiomer, has been developed and reportedly is less likely to
cause side effects'®. Levobupivacaine has less affinity for brain and myocardial tissue than either
the R- (+) enantiomer or the racemic bupivacainez4.
1.1.2 Properties of Local Anesthetics

1.1.2.1 Chemistry of Local Anesthetics

Most local anesthetics used clinically have similar chemical structures and physical

- 19,20
properties

. Most of the local anesthetics are weak basic tertiary amines, but a few secondary
amines do exist. Amines are composed of a nitrogen atom with three organic groups attached™.
Anesthetic molecules are generally made up of a hydrophilic end connected to a lipophilic end
by an intermediate hydrocarbon chain (Figure 1.2). The hydrophilic end, commonly amino
derivatives of ethyl alcohol or acetic acid, is responsible for the water solubility. The aromatic
lipophilic end, which is derived from benzoic acid or aniline, contributes to the lipid solubility.
Substitution of alkyl groups on the aromatic ring or amine end increases lipid solubility and

potency .

1.1.2.2 Grouping of Local Anesthetics

Broad categorizations of local anesthetics are based on the molecule’s intermediate
linkage and are classified as ester-linked (cocaine, procaine, benzocaine, tetracaine,

chloroprocaine) or amide-linked (lidocaine, prilocaine, dibucaine, articaine, etidocaine,

19,20

bupivacaine, mepivacaine, ropivacaine) . These broad categories determine how the drugs are



biotransformed. Ester-linked local anesthetics are derived from benzoic acid and amide-linked
are derived from aniline. Ester-linked local anesthetics are hydrolyzed plasma cholinesterase and
have short half-lives when stored in solution without preservatives. Amides are very stable and
cannot be hydrolyzed by plasma cholinesterases. They undergo biotransformation via hepatic
microsomal enzymes.

Local anesthetic behavioral characteristics (onset of action, duration of action, and

potency) are based on the chemical properties of the molecular structure'*°

. The potency of a
local anesthetic is greatly influenced by the molecule’s size and lipid solubility®’. The smaller the
molecule and the more lipophilic it is, the more readily it will penetrate the axonal membrane
and bind the sodium channels with greater affinity. Given that the membranes of axons have a
high lipid concentration, local anesthetics have a strong effect on these structures. If the methyl
group on the lipophilic end of the amide-linked local anesthetic mepivacaine is replaced with a
butyl group, the result is bupivacaine. Bupivacaine is 30 times more lipid soluble and 8 times
more potent than procaine and 15 times more lipid soluble and 4 times more potent than
mepivacaine'*?.

Local anesthetic duration of activity is believed to be due to its respective protein binding

properties and the vasoactivity of the drug'®?°

. For the given local anesthetic, the greater the
protein binding affinity to the axonal membrane protein, the longer the duration of local
anesthetic activity. More lipid-soluble local anesthetics are relatively water insoluble and highly
protein bound. The duration of effect is inversely related to the rate of systemic absorption. The
rate of vascular absorption is variable and changes based on the vascularity of the tissue at the
injection site and the properties and dose of the local anesthetic. Bupivacaine is highly lipid-
soluble, it is slowly washed out from isolated nerves and it is not readily removed by the
bloodstream from nerve membranes, which contributes to the long duration of action'’.
Bupivacaine is 16 times more protein bound and its anesthetic duration of effect is 3 to 6 times
longer than procaine.

The speed of onset of action of local anesthetics is most likely associated inversely with
the lipid solubility and its acid dissociation constant (pKa)'’. Local anesthetic agents exist in
solution in both the charged cationic (+) and the uncharged base forms. The percentage of local

anesthetic molecules present in the uncharged non-ionized base form, which is primarily

responsible for membrane permeability, decreases with increased pKa at any given tissue pH?. It



is suspected that the base is responsible for onset of action because the charged form diffuses
readily across the nerve membrane.

1.1.2.3 Mechanism of Action

Local anesthetics block the formation of an action potential by blocking the influx of

. . 18-20
sodium into the nerve axons

. The resting membrane potential is the difference between the
inside and the outside of the nerve cell and is maintained at -70mV. The resting membrane
potential is maintained by the plasma membrane sodium/potassium (Na'/K") pump'®. This
pumps 3 Na" out of the cell for every 2 K* pumped into the cell. An action potential is generated
when a change in membrane permeability permits large amounts of sodium to pass through
sodium-gated channels in the cell membrane. The action potential is terminated by closure of the
sodium channels and opening of the slow potassium channels. The cell repolarizes as potassium
passes out of the cell.

Local anesthetics are believed to act primarily on binding receptors located on sodium
channels®’. Each local anesthetic may have its own way of binding to the sodium channel based
on the conformational state of the channel. There are families of channels and in a given tissue
there may be multiple forms of sodium channels®. For example, the sodium channels in the

. . . 120
heart, brain, and axons are not identical ™.

1.1.2.4 Differential Nerve Blockade

Local anesthetics have the ability to preferentially provide analgesia or anesthesia

without affecting motor function®®2%3°

. This indicates that sensory nerve fibers may be more
sensitive to the effects of local anesthetics than the larger motor fibers. Studies have shown that
the level of sympathetic blockade extends further than sensory block which extends further than
motor function blockade®'. This suggests that there is a rank order of sensitivity to local
anesthetics, implying that preganglionic sympathetic B nerve fibers are more sensitive than small
sensory A-delta nerve fibers, which are more sensitive than large A-alpha motor fibers. The
sensitivity of unmyelinated C fibers appears to be quite similar to myelinated fibers®. For
myelinated axons, local anesthetic concentrations must be high enough to block three
consecutive nodes of Ranvier to stop electrical transmission®’. This does not apply to
unmyelinated axons. The fiber groups appear to have individual sensitivities with regard to

blockade. It is believed that the frequency of axon discharge is related to the sensitivity of local

anesthetic effect. Axons with a higher discharge rate, such as C fibers and A-delta fibers, are



more sensitive to local anesthetics than those fibers with lower discharge rates, such as A-beta
fibers®.
1.1.3 Pharmacokinetics of Local Anesthetics

1.1.3.1 Absorption

Absorption of local anesthetics after extravascular infiltration is dependent on a variety of
factors including the particular local anesthetic, the patient’s hemodynamic condition, the site of
administration, the concentration and dose, the vascularity of the site of administration, and the
effect of an added vasoactive drug such as epinephrine®®. The faster the rate of systemic
absorption, the shorter the duration of anesthetic activity and the greater the risk for systemic
toxicity””. For this reason, vasoconstrictors may be added to the local anesthetic infusions to
reduce local blood flow and in turn minimize absorption to maximize effect and decrease the
risks of systemic toxicity. Epinephrine is the most commonly utilized vasoconstrictor and may be
used at concentrations of 1:200,000 (5ug/ml) or 1:400,000 (2.5ug/m1)20.

Local anesthetics are not routinely injected intravascularly for the purposes of anesthesia.
Exceptions include intravenous regional anesthesia of a distal limb and, more recently, the use of
low-dose lidocaine constant rate infusions as adjuncts to inhalant anesthetics™~°.

In some cases, local anesthetics may have a topical effect’’. They may be applied to the
skin, but are only effective if the integrity of the skin is compromised. They may also be
effective at providing analgesia to the mucous membranes and the cornea. Recently, lidocaine
dermal patches have gained popularity as part of a post-operative multimodal analgesia plan®’*.

Reports indicate that following intra-articular injections, bupivacaine is absorbed over
several hours, with peak serum concentrations within the first hour’**. Some authors advocate
decreasing the bupivacaine concentration from 0.5% to 0.25% when the joint is compromised to
decrease the risk of systemic toxicity*'. Following a single intra-articular injection of 1.5mg/kg
of 0.5% bupivacaine in dogs, delayed absorption into the systemic circulation occurred resulting

in a peak serum concentration at 11 minutes with the absence of clinical signs of toxicity™.

1.1.3.2 Distribution

Local distribution of anesthetic at the injection site depends on the volume of agent
infused, the tissue resistance to the spread of local anesthetic, and the specific drug employed™.
To enhance the spread of local anesthetic, especially when instilling local anesthesia to the bony
orbit to anesthetize the eye, hyaluronidase may be added to the local anesthetic solution®.

Systemically, the liver and lungs are the major sites of plasma clearance of local anesthetics.



Extraction fractions explain the amount of local anesthetic extracted from the plasma by a given
organ®’. The liver has a high extraction fraction for most local anesthetics (0.75 for lidocaine). A
decrease in hepatic blood flow or function may prolong the plasma high-life. The pH may also
affect the local distribution of a local anesthetic. Increasing the pH (more basic) increases the
ratio of uncharged to charged molecules in solution. The uncharged molecules readily diffuse to
the target tissue increasing the speed of onset of action.

The distribution of amino-ester local anesthetics (procaine, chloroprocaine, tetracaine) in
body tissues is limited due to their rapid enzymatic hydrolysis by non-specific plasma
pseudocholinesterases'®. Amide local anesthetics (lidocaine, mepivacaine, prilocaine,
bupivacaine, levobupivacaine, etidocaine, ropivacaine) are widely distributed in the body after
intravenous bolus injection or a fast rate of vascular absorption'’. Their pharmacokinetic
properties are typically described as a two- or three-compartment model****.

1.1.3.3 Elimination

The liver and lungs are major sites for plasma clearance of local anesthetics. Metabolism
converts relatively lipid soluble anesthetics into smaller, more water-soluble agents'. For esters,
the primary step is ester hydrolysis, catalyzed by nonspecific plasma cholinesterases. The rate of
plasma hydrolysis is rapid, yielding half-lives measured in seconds, and is inversely related to

1943 Ester metabolism can be slowed by reduced cholinesterase activity during

toxicity
pregnancy and long-term cholinesterase inhibition via poisons, thereby prolonging the clearance
of ester anesthetics and increasing the potential for toxicity'’.

The amino-amide are almost exclusively metabolized by the liver and hepatic
degradation, which requires conjugation with glucuronic acid*®. Cats glucuronidate drugs to a
lesser extent that dogs, increasing the risks of developing side effects when given amide local
anesthetics*. Less than 5% of these agents are excreted unchanged in the urine. Mepivacaine,
etidocaine, bupivacaine and ropivacaine also undergo N-dealkylation and hydroxylation. They
are further conjugated with glucuronide before excretion from the body in the urine or bile'*.

Since the liver metabolizes amide local anesthetics, drug clearance is highly dependent
on hepatic blood flow, hepatic extraction, and enzyme function. Amide local anesthetic clearance
can be slowed or reduced by factors that decrease hepatic blood flow, such as beta-adrenergic or
Hj-receptor antagonists, by hypotension during regional and general anesthesia, or by heart or

. . 19,45
liver failure ™.



1.1.3.4 Toxicity

Toxic reactions to local anesthetics may be categorized as systemic or localized. Such
reactions are rarely fatal if recognized and treated early. The most common clinical toxicities
involve acute reactions involving the central nervous system (CNS) and/or the cardiovascular
system. Bupivacaine is considered to have higher levels of cardiotoxicity than other local
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anesthetics'”*® and has been documented to cause deaths related to its cardiotoxicity®. It is

believed that bupivacaine affects the heart differently than other local anesthetics. Most toxicities

. - e . 20,4950
are due to accidental intravascular injection of local anesthetics™"

. Needle aspiration of the
vessel prior to injection of the dose may minimize these accidents™.

Signs related to the CNS typically precede cardiovascular changes when local anesthetic
toxicity occurs. In humans, the first signs of CNS toxicity are drowsiness, followed by numbness
of the lips, slurring of speech, and fine tremors, and with increasing doses, progression to grand
mal seizures. A large enough dose could cause generalized CNS depression. Interestingly,
lidocaine has been shown to be effective against tonic-clonic and simple partial status epilepticus
when combinations of other anticonvulsant agents failure’'. Conclusive evidence to explain this
finding is lacking. Studies indicate that seizures induced by local anesthetics originate in the
limbic brain®*. Local anesthetics produce CNS signs by interfering with sodium conductance by
a similar mechanism to their effects on the peripheral nervous system. Studies suggest that the
cardiotoxic effects of local anesthetics, especially bupivacaine, are not only directly toxic to the
myocardium, but may be partially due to effects on the brain>.

Local anesthetics affect the cardiovascular system by a number of ways. They may act
directly on the heart or on the peripheral vasculature or indirectly by causing conduction
blockade on autonomic fibers™. Their main effect is directly on the myocardium by decreasing
electric excitability, conduction rate, and the force of contraction’*. The effects on the
vasculature are dose dependant. High concentrations of local anesthetics cause vasodilation
while low concentrations may cause vasoconstriction™. Inhibition of sodium conductance
increases appears to play a major role in the cardiac effects of local anesthetics. Studies suggest
that part of the cardiotoxic effects of local anesthetics may be attributed to potassium channel
blockade™. Lidocaine and bupivacaine are commonly compared when evaluating the cardiotoxic
effects’’. Both cause profound cardiac depression, however, bupivacaine toxicity is more

difficult to treat than lidocaine toxicity®. Animal studies have shown that resuscitation may be

successful if treated immediately after bupivacaine intoxication®’. More recent studies have



shown that elevated progesterone levels (pregnancy)’®, hyponatremia®’, and diabetes mellitus®
may potentiate the cardiotoxic effects of local anesthetics.

Local anesthetics have also been reported to cause methemoglobinemia, which occurs
when the ferrous iron (Fe'") in hemoglobin undergoes oxidation to the ferric form (Fe™ ).
Although prilocaine is primarily implicated and is the only clinically used secondary amine local
anesthetic, benzocaine, lidocaine, and procaine have also been associated with
methemoglobinemia®'.

Local anesthetics have been reported to cause local tissue toxicity, resulting in irritation

62-64
. Factors

and lysis of cells. Muscle and nerve cells appear the most susceptible to damage
such as pH of the solution or the preservatives in the solutions may contribute to the deleterious
effects™. The highly lipid soluble, highly potent, and long lasting local anesthetics reportedly
cause more tissue damage compared to other local anesthetics®. According to electron
microcopy studies, the perineurium, Schwann cells, and axons are all structural disrupted by
local anesthetics®.

Allergic reactions to local anesthetics are rare and have only been reported in case
reports®’. Allergic reactions are more likely to occur with ester-linked local anesthetics than with
amide-linked agents™. The preservatives, such as methylparaben, added to local anesthetic
solutions may be responsible for the allergic reactions®®.

More recently, chondrolysis is being recognized as a potential complication associated
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with intra-articular administration of bupivacaine. Several reports in both humans and

. - 913,14
veterinary species =’

suspect an association between intra-articular administration of 0.5%
bupivacaine and increased chondrocyte death.
1.1.4 Bupivacaine as an Intra-articular Anesthetic

1.1.4.1 Intra-articular Bupivacaine in People

Bupivacaine has been used routinely as part of a multi-modal peri-operative anesthetic

since arthroscopic day-patient care gained popularity’®”"

. Its properties as a local anesthetic are
appealing and despite the published toxicities its use as an intra-articular anesthetic is considered
safe. The duration of action of intra-articular bupivacaine is reportedly 2 to 4 hours®”’®"”. Multi-
modal analgesia combines drugs that work through different mechanisms or that target different
receptors and is currently recommended for perioperative pain management’* ™. This
methodology takes advantage of the additive or synergistic effects of different analgesics,

allowing for lower doses of each drug subsequently minimizing adverse effects’> >,



Administration of intra-articular analgesics in combination with systemic analgesics has been
used to prolong the effect of perioperative pain control. Bupivacaine has been shown to be an

o - - . - 4,76,82-87
effective intra-articular analgesic when administered at concentrations of 0.25%™" or
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0.5%""". Bupivacaine has been shown to be an effective sole intra-articular analgesic™"™ """,
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T T ’ 7% It has

It can be administered either pre-operatively or post-operatively
been used effectively intra-articularly in combination with non-steroidal anti-inflammatory drugs
(NSAIDs)”, opioids******¢ and corticosteroids’’. More recently, bupivacaine has been
effectively delivered to offer a longer analgesic effect through a variety of indwelling intra-
articular catheters” %,

1.1.4.2 Intra-articular Bupivacaine in Dogs

Bupivacaine has been used as an intra-articular analgesic in dogs. Intra-articular analgesia
using 0.5% bupivacaine and intra-articular morphine were compared in dogs following stifle
surgery for ruptured cranial cruciate ligament in dogs®. They found that intra-articular
administration of either 0.5% bupivacaine or morphine provided better analgesic control than
saline, and bupivacaine showed the greatest effect. Comparing analgesia provided by epidural
bupivacaine and morphine to either intra-articular 0.5% bupivacaine or intravenous
hydromorphone showed a significantly longer time to first dose of rescue analgesics between the
epidural and bupivacaine groups compared to the control group and that more supplemental
analgesics were required for the control group'.

1.2 Cartilageml'103

Cartilage is a form of connective tissue specialized for a supportive role in the body.
Three basic forms of cartilage exist, each type containing chondrocytes within an amorphous
ground substance or matrix. This matrix contains sulfated glycosaminoglycans complexed with
protein to form proteoglycan macromolecules. Proteoglycans are electrostatically bound to unit
fibrils of collagen, forming a firm but flexible substance. In general, this tissue is devoid of
vessels, lymphatics, and nerves.

1.2.1 Cartilage Cells

Two types of cells, the chondroblast and chondrocyte, are recognized as cartilage. The
chondroblast is found in growing cartilage. Following formation of the cartilage matrix, the
chondroblast becomes the less active chondrocyte. The chondrocytes are located within lacuna

and are responsible for the ongoing maintenance of the surrounding matrix.
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1.2.2 Cartilage Matrix

The matrix of cartilage is similar to other types of connective tissue but there are some
unique properties to cartilage matrix. Collagen forms the matrix framework, with type II
collagen predominating. Type I collagen is predominate in fibrocartilage. The ground substance
contains the glycosaminoglycans (GAGs), chondroitan sulfate, keratan sulfate, and hyaluronic
acid. These substances have an important role in transporting water and electrolytes and in
binding water to give hyaline cartilage its resiliency. The GAGs form complexes with proteins to
form proteoglycans. Aggrecan is formed when proteoglycans are joined to a hyaluronic aid core
with linking proteins. A loose network is formed by proteoglycans bound to collagen fibers,
which limits the movement of larger cells. The adhesive molecules chondronectin, anchorin, CII,
and fibronectin are involved in the interaction between collagen and chondrocytes. The cartilage
matrix is mineralized by hydroxyapatite in the zone of hypertrophy of the physis and the deeper
regions of the articular matrix.

1.2.3 Types of Cartilage

Fibrous cartilage, or fibrocartilage, is a dense connective tissue with linear groupings of
chondrocytes embedded in a small amount of matrix. This type of cartilage occurs least
frequently and is found in the intervertebral discs, the menisci of the stifle, in the cardiac
skeleton (the atria and ventricles are connected by fibrocartilage), and in some tendons close to
their attachments to bone. There is a predominance of type I collagen fibers in the matrix which
is most abundant in the vicinity of the cells. Fibrocartilage lacks a distinct perichondrium and a
cellular chondrogenic layer is absent.

Elastic cartilage is very similar to hyaline cartilage, however, it contains large amounts of
dense elastic fibers throughout the matrix. The elastic fibers are visible on H&E preparations. It
is found in the tissues requiring elasticity, as well s rigidity, in such tissue as the epiglottis, part
of the larynx (corniculate and cuneiform cartilages), and the pinna.

Hyaline cartilage is the most common form of cartilage. It forms a large portion of the
developing vertebrate skeleton, progresses to form epiphyseal discs, articular cartilage, tracheal
components, bronchial components, and other tissues. The ground substance of hyaline cartilage
can be separated into a pale staining interterritorial matrix and a darkly staining substance called
territorial matrix. The territorial matrix stains darkly due to the higher concentration of sulfated
glycosaminoglycans. Chondrocytes are confined to small spaces, or lacunae, within the matrix.

Small clusters of chondrocytes form isogenous groups due to cellular division. Cartilage matrix
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is usually invested by a perichondrium whose inner layer is chondrogenic. This chondrogenic
layer contains cells with the ability to become chondroblasts. The outer portion of the
perichondrium is composed of dense irregular connective tissue.

Four morphologically distinct layers are present within articular cartilage'®*. Closest to
the joint surface, the two-layered superficial zone is the thinnest layer and consists of discoid
chondrocytes with long and flat profiles. These cells are orientated with their long axis parallel to
the joint surface and the thin collagen fibrils are aligned parallel to the joint surface. A thin sheet
of fibrils with little polysaccharide and no cells covers the articular surface of the superficial
zone'®. Deep to the superficial layer lies the transitional, or intermediate zone, which is a much
thicker zone with more spherical cells and larger collagen fibrils that are not organized in a
parallel fashion. The next layer is the radial, or deep, zone in which the chondrocytes are
organized in a columnar orientation and collagen fibrils are vertically oriented, perpendicular to
joint surface. Adjacent to the subchondral bone lies the calcified cartilage. A basophilic tidemark
delineates the radial zone from the calcified cartilage.

Variation of the articular cartilage thickness exists and is believed to be due to weight
bearing forces. A study evaluating rabbit articular cartilage reported weight-bearing articular
cartilage to be thicker and containing a small number of large chondrocytes within a large mass
of matrix compared to less-weight-bearing surfaces'®.

All synovial joints contain a synovial fluid that provides lubrication for the
hyaline cartilage or fibrocartilage articular surfaces. Fibrocartilage has very few blood vessels or
nerves and hyaline cartilage does not have either. The synovial fluid has a secondary function of
providing nutrients to and removing waste from the hyaline cartilage. This fluid allows for
leukocytes to circulate and phagocytize debris. The amount of synovial fluid of stifles of adult
canines ranges from 0.2ml to 2ml, and the volume may be a reflection of the overall health of the
dog. Synovial fluid is thought to be a dialysate because the chemical composition resembles
tissue fluid. The mucin is thought to be produced by the fibroblasts of the synovial membrane'®.
Synovial fluid also contains salts, albumin, fat, and cellular debris.

Articular cartilage covering the bone surfaces of synovial joints is usually hyaline
cartilage. The deeper layers in contact with the bone may be calcified. Lacking vessels and
nerves, hyaline cartilage derives its nutrition from the synovial fluid and is capable of some
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regeneration following injury ~'. The thickness of the cartilage varies depending on the particular

joint and the portion of the joint. It is thickest in young, healthy joints and in joints that bear
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increased weight. The thickness is proportional to the weight it is subjected to. Disuse atrophy of
the hyaline cartilage may occur. Hyaline cartilage has both elastic and compressibility qualities
to absorb shock and protect the underlying bone from trauma.
1.2.4 Articular Cartilage Metabolism

Chondrocytes make up a small proportion of cartilage by volume in the mature dog yet
they are responsible for synthesizing, maintaining and regulating the pericellular, territorial, and
interterritorial matrix'*®. Structural organization, cellularity, DNA content, biochemical
composition, the pattern of nutritional supply, repair potential, rate of protein and proteoglycan
metabolism, and proliferative activity of chondrocytes differ between immature and mature

195 Mature articular cartilage is devoid of lymphatics and blood supply so metabolism is

cartilage
primarily anaerobic'®. Nutrients, including glucose, oxygen, and amino acids, diffuse from the
synovial fluid that surrounds the articular cartilage'®. Diffusion is dependent on variables such
as molecular size, shape, charge of the molecule and on the concentration of proteoglycans in the
cartilage''’. Intermittent weight bearing as occurs while ambulating aids in diffusion via a
pumping action, forcing substances out of the cartilage while bearing weight and bringing
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substances into the cartilage while non-weight bearing . Metabolism of the extracellular

matrix is influenced by the mechanical environment and cytokines and growth factors produced
by synovial cells and chondrocytes'®.
1.2.5 Response to Cartilage Injury

The response of cartilage to injury differs from classic tissue healing because of two
important features of the structure of cartilage, the most important feature being it’s avascular
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status' “. The second difference is that chondrocytes are within a mesh of collagen and

proteoglycan and can therefore not migrate to the site of injury from the adjacent healthy

104

cartilage . When partial-thickness injury to the articular surface occurs, a zone of necrosis

develops adjacent to the site with ghost cells seen within the chondrocyte lacunae''*'"*. A brief
period of mitotic activity and matrix activity follows but rapidly ceases with no healing''*'".
The healing has not been shown to progress over time, however, these lesions remain stable and
rarely progress to osteoarthritis''%.

These conditions are different if the cartilage injury penetrates through the subchondral
bone providing a pathway to the highly vascular bone''2. In this injury scenario, response to
injury is similar to that seen elsewhere in the body. The defect is filled with a fibrin plug which

traps cells from the blood and bone marrow, including undifferentiated mesenchymal cells''*.
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The inflammatory and reparative phases proceed as other tissues would respond to injury and the
new tissue in the cartilage defect undergoes a metaplasia to a hyaline-like chondroid tissue''*. By
2 weeks following injury rounded chondrocytes appear and produce substantial amounts of Type
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11 collagen'®. However, later in the process, there is still 20-35% Type I collagen present'", the

proteoglycan content decreases significantly, and the tangential layers of collagen in the

superficial zone fail to appear''®

. Collagen fibers of the repair tissue are not well integrated with
those of healthy cartilage, which is thought to lead to vertical shear stresses between the repaired
and healthy cartilage leading to micromotion and potentially to degenerative changes''®. The
chondrocyte lacunae adjacent to the repaired cartilage are devoid of chondrocytes, which could
be detrimental to metabolism of the matrix''*.
1.3 Arthroscopic Surgery Irrigating Solutions

With the gaining popularity of arthroscopic procedures in the early to mid-1980’s, studies
were performed to assess the effect of irrigating solutions and intra-articular analgesics on the
articular cartilage and synovium. Systemic analgesics have inherent side effects and risks
associated with their use. Local anesthetics, especially bupivacaine, were shown consistently to
offer analgesia at the surgical site perioperatively. This allowed for decreased administration of
systemic analgesics and gaining popularity of day or outpatient arthroscopic procedures.

Traditionally, normal saline had been used for irrigation during arthroscopy due to its
characterization as a physiologic solution based on the ionic concentrations of sodium (Na") and
chloride (CI'). However the pH of this solution was determined to be 5.3, more acidic than
normal physiologic pH of 7.4. It also lacked potassium, calcium, phosphate, bicarbonate, acetate,
and lactate, supporting the idea that saline is truly not physiologic and possibly not the ideal
solution to use for arthroscopic procedures. An in vitro study was performed In efforts to
determine the optimum solution for irrigation during arthroscopy by comparing the effects of
multiple commercially available solutions on cartilage proteoglycan synthesis''’. Proteoglycan
synthesis is essential to maintain the cartilage matrix and can be assessed through the use of
3SO*. Results indicated that Lactated Ringer’s solution (LRS) supports chondrocyte metabolism
for 8 hours in an ex-vivo organ culture system and does so as effectively as Ham F12 medium.

A simulated arthroscopic procedure in rabbits evaluated the effects of various local
anesthetic agents and irrigating solutions on chondrocyte function''®. Normal saline and Lactated

Ringer’s solution (LRS) were compared for synovial and cartilage metabolism measured by

tissue purine nucleotide content. Also, 0.5% bupivacaine, hydrochloric acid in an amount equal
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to that bound by bupivacaine, 0.5% bupivacaine with 1:200,000 epinephrine, 0.25% bupivacaine,
and autologous blood were compared. Results of the study revealed evidence of acute stress
evidenced by elevated purine nucleotide levels on both cartilage and synovial cells by all
solutions in the immediate post-exposure samples, with saline causing more stress than LRS. All
bupivacaine solutions and blood caused more stress on the cartilage and synovial cells than either
saline or LRS. By one week post-exposure, stress patterns approached similarity to unirrigated
control joints. A transient decrease in matrix staining was observed for all variables upon
histopathologic examination but there was no evidence of morphologic damage at any time.

The ultrastructure of human hyaline cartilage biopsy specimens was evaluated with
scanning electron microscopy following exposure to 1.5% glycine, Synovisol (an irrigating
solution used for electrosurgery), saline, Ringer’s lactate, or water for 30 and 45 minutes' .
Scanning electron microscopy revealed that all solutions caused macroscopic changes to the
articular cartilage surface. The 1.5% glycine solution showed the fewest changes, followed by
Synovisol, then saline and Ringer’s lactate, and finally water.

The effects 0.9% NaCl, Ringer’s solution, Ringer glucose 5%, Ringer lactate, and
Betadine on anatomically intact rat patellar articular cartilage metabolism were compared to
M199 culture medium as a control'?’. Following treatment, each sample was radiolabeled with
S04 as a marker of cartilage metabolism. Findings revealed that only Betadine solution caused
macroscopic softening of the cartilage. The Betadine treatment group inhibited chondrocyte
metabolism by 55% compared to the M199 culture medium, where as saline and Ringer lactate
solutions reduced metabolism by 20%, Ringer glucose by 10%, and Ringer’s solution by 5%.

Chlorhexidine has previously been used as an arthroscopic irrigating solution because of
its bactericidal effects and its lack of deleterious effects on wound healing. A case series of five
men who had diagnostic and/or therapeutic arthroscopy performed on their knees reported the
accidental use of a 1% chlorhexidine irrigation solution causing rapid chondrolysis evidenced by
radiographic loss of the joint space and histopathologic necrosis, non-specific inflammation, and
fibrosis of the cartilage and synovium'?'. Another review of 3 cases of chondrolysis of the knee
following arthroscopy that utilized 0.02% chlorhexidine as an irrigating solution was
published'**. All patients in the report developed clinical signs and radiographic evidence of
chondrolysis within four months of their initial procedure that was confirmed on arthroscopic

and histopathologic evaluation and resulted in the necessity for total knee replacements.
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Temperature of arthroscopic solutions has been shown to have an effect on chondrocyte
viability. An ex vivo study showed decreased chondrocyte death with arthroscopic solution of
37°C compared to standard room temperature (22°C) solutions'>. With regard to cartilage
thermal injury, A strong relationship exists between increasing temperature and chondrocyte
death when chondrocytes are exposed to solutions of varying temperatures, with a sharp increase
in chondrocyte death between 50° and 55°C'**,

1.4 Chondrocytotoxicity

Several proposed inciting causes have been elucidated in the etiology of chondrolysis and
many of the proposed inciting causes involve a surgical event. Several case reports, case series,
and in vitro and in vivo research projects have been published describing chondrolysis following
a variety of procedures.

The term idiopathic chondrolysis of the hip was first used 1975 to describe cases of hip
chondrolysis of unknown etiology'>. Since then, multiple case reports and case series have been
published'?*"*%. This uncommon condition primarily affects prepubertal adolescent women,
primarily of African descent. It is characterized by progressive loss of the articular cartilage of
the femoral head and decreased range of motion that may progress to ankylosis. Idiopathic
chondrolysis is reportedly a form of cartilaginous dysplasia'*® and affected individuals have
absence of trauma, infection, rheumatoid arthritis or systemic illness in their histories.
Radiographs show narrowing of the coxofemoral joint, premature closure of the proximal
femoral and greater trochanteric growth plates, and periarticular osteopenia. Debate exists about
the proper treatment of these patients, but the goal of treatment remains to be relief of pain,
correction of deformity, and restoration of hip motion'*"'**.

The surgery for treatment of slipped capital femoral epiphysis (SCFE) involves the use of
pins to stabilize the epiphysis. The findings in seventeen patients with chondrolysis following
surgery for treatment of SCFE have been reported'*. Fourteen of the 17 cases had evidence
supportive of pin penetration of the femoral head. One had evidence of pin penetration of the
intra-articular femoral neck on postoperative radiographs. The remaining 2 cases both had pins
placed within 2mm of the articular cartilage. The authors concluded that there was a relationship
between articular pin penetration and chondrolysis in patients with SCFE. A rabbit model to
research the association between pin protrusion and chondrolysis was performed results
suggested that both enzymatic degradation and mechanical destruction of the articular cartilage

occurred'*. Conclusions were that the mechanical injury of the pins was not as detrimental as
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the associated inflammatory response and enzymatic damage. Cartilage at sites remote from the
pins appeared to experience more purely enzymatic damage. The articular cartilage lost 30% of
its proteoglycan content, however, they found that the joint spaces did not narrow like
chondrolysis cases typically do, but instead increased. They concluded that some other factor is
necessary to produce chondrolysis. Their theory suggests that the mechanical damage of the pins
induces an autoimmune response responsible for the chondrolysis. This is supported by a human
case series report of 11 patients with SCFE. It was concluded that transient intra-articular pin
penetration did not lead to chondrolysis over the 2 years that cases were followed"”.

Chondrolysis affecting the shoulder following the utilization of gentian violet for color
testing has been reported in Japan'**"'**. Gentian violet has also been used as an extrinsic
antiseptic and as a treatment for oral thrush in infants. The pathogenesis of the chondrolysis for
these cases was unknown at the time of publication. Various concentrations of gentian violet
injected into rat knees has been since shown to cause chondrocyte death in the superficial layer
of the articular cartilage 7 days post-injection' ™.

Rapid lateral femoro-tibial chondrolysis following arthroscopic lateral meniscectomy has
also been reported in four cases following arthroscopic lateral meniscectomy in young

athletes'*

. At the time of meniscectomy, the cartilage of the lateral compartment was grossly
normal. A second arthroscopic procedure was performed after a mean of 6 months due to
persistence of signs consistent with chondrolysis. Chondrolysis was diagnosed based in the
presence of cartilaginous debris floating in the joint, along with severe cartilage damage in the
lateral compartment. The etiology was suspected to be mechanical, but was not definitively
known. The authors speculated that the rapid chondrolysis represented an acute form of chronic
slow chondrolysis, which is a known complication after lateral meniscectomy. A similar
American case report has been published'**.

Rapid chondrolysis has also been reported following accidental intra-articular injection of
bone cement into the coxofemoral joint for treatment of a benign acetabular subchondral bone

Cyst145

. Contrast imaging of the cyst prior to treatment showed no communication with the joint,
however, after injection of a small amount of methylmethacrylate it was noted to have leaked
into the joint space so the injection was immediately discontinued. Pain intensified following the
treatment so five days after injection arthroscopy was performed and the bone cement present
within the joint was ablated. There were no macroscopic cartilage lesions at the time. Pain

persisted and 8 weeks post-treatment radiographs revealed loss of the joint space. Chondrolysis
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was diagnosed and a total hip replacement was performed. Proposed mechanisms responsible for
the chondrolysis include exothermic reaction of the methylmethacrylate and release of free
radicals by the cement.

Transfer of the greater trochanter is a surgical technique that is used for overgrowth of
the greater trochanter arising from a disturbance of the growth plate of the proximal femur.
Chondrolysis of the hip has been reported in three patients following transfer of the greater
trochanter'*. In this report, one patient had Perthes’ disease, one had bilateral developmental
dysplasia of the hip, and the third had unspecified arthritis of the hip. This was the first report of
chondrolysis as a complication of this procedure. Mechanisms proposed by the authors included
joint immobilization for 6 weeks and mechanical derangements as a result of increased pressure
on the joint surface produced by the descent of the gluteal attachment.

Axillary nerve injury, recurrent instability, capsular obliteration, and adhesive capsulitis
are known complications of thermal capsulorrhaphy that have been documented in the literature
however, case reports of glenohumeral chondrolysis attributed to thermal capsulorrhaphy have

recently been published'*""'*’

. Two cases of glenohumeral chondrolysis after capsulorrhaphy in
young athletes have been attributed to the use of thermal energy'?’. A case of glenohumeral
chondrolysis was attributed to a capsular release procedure using bipolar radio frequency probe
for treatment of adhesive capsulitis'**. A case of glenohumeral chondrolysis in a young woman
following treatment of a shoulder luxation using monopolar radiofrequency to perform a thermal
stabilization procedure has also been reported'®. A retrospective study evaluated 8 cases of
glenohumeral chondrolysis following arthroscopic procedures that utilized thermal energy found
no patients had evidence of cartilage damage at the time of initial surgery and no patient received
an intra-articular pain pump catheter post-operatively'*’. Open surgical stabilization has not been
shown to be associated with chondrolysis so it has been speculated that heating of the joint fluid
at the time of arthroscopy played a role in the chondrolysis. Bipolar radiofrequency probes have
been shown to raise the temperature inside the joint high enough to kill chondrocytes'*"*!'%2. A
case report of chondrolysis following debridement of a partial thickness articular cartilage defect
that was treated with arthroscopic chondroplasty using bipolar radiofrequency energy has been
published'**. The detrimental effect of elevated temperature on chondrocytes has been proven in
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the literature . Both monopolar and bipolar radiofrequency energy applied to articular

cartilage has been shown to cause time-, temperature-, and power-dependent chondrocyte

151,154,156-159
death ” " .
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Fibronectin and fibronectin fragments are extracellular matrix proteins that have been

160-171
. Increased

implicated in chondrocyte cellular breakdown by suppression of proteoglycans
levels of fibronectin and fibronectin fragments in the synovial fluid of arthritic patients trigger
expression of proteinases and cause subsequent chondrolysis'®. Small amounts of free
fibronectin fragments in bovine cartilage cultures resulted in increased levels of stromelysin,
gelatinase, and collagenase activity. It was also shown that fibronectin fragments not only
increase matrix metalloproteinases (MMPs), but they suppress proteoglycan synthesis and
increase rates of proteoglycan loss from cartilage tissue'®®. It is speculated that a signaling
pathway exits that regulates MMP-13 and MMP-1 stimulation by fibronectin fragments'’?. These
fibronectin fragments stimulate MMPs such as collagenase-3 (MMP-13) and are capable of
degrading the extracellular matrix of cartilage.

Disruption of the cartilage extracellular organization has been shown to lead to
chondrolysis'”. Transmembrane receptors mediate cell matrix activity and these receptors are
vital to the maintenance of cartilage homeostasis. A dose-dependent chondrolysis occurs when
articular cartilage slices are exposed to hyaluronic acid hexasaccharides. When hyaluronic acid
hexasaccharides bind to CD44, the chondrocytes are uncoupled from the matrix, resulting in
deleterious changes in matrix structure and modifications in chondrocyte metabolism.

All of these discussed mechanisms of chondrolysis are currently recognized as clinical
concerns and are therefore respectable considerations when joint surgery is performed. However,
cases of chondrolysis have been documented where these previously discussed causes have been
diagnostically and therapeutically ruled-out.

1.5 Bupivacaine-Associated Chondrolysis

With the increasing popularity of arthroscopy and intra-articular local anesthetic
injections, it was important to determine bupivacaine’s effects on articular cartilage. The first
research examining the effect of bupivacaine on cartilage was published in 1985 and evaluated
the immediate effects of bupivacaine in isotonic saline solution on pig and canine articular
cartilage’. Their findings indicated that saline solution has a profound acute effect on articular
cartilage, but the ability to incorporate sulfate into proteoglycan was apparently restored to
normal 3 days later. Sulfate uptake is a marker of cartilage proteoglycan metabolism and is a
reflection of cartilage anabolism'”*. Bupivacaine caused slight additional inhibition of sulfate
uptake, which indicates bupivacaine caused greater proteoglycan synthesis inhibition than saline.

However, there was a return to normal proteoglycan synthesis by 3 days after treatment. When
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bupivacaine containing methylparaben preservative was incubated with human inflammatory
synovial fluid, half of the samples formed a crystalline precipitate that was not further
characterized.

A study evaluated and compared the short- and long-term histopathologic effects of intra-
articularly administered bupivacaine and neostigmine on rabbit stifle articular cartilage and the
synovial membranes’. The joints that received bupivacaine and neostigmine had significantly
more inflammation of the articular cartilage compared to the joints treated with saline. The
cartilage inflammation was more pronounced in the neostigmine group at 24 hours when
compared to the bupivacaine group, however by 10 days the bupivacaine group showed more
evidence of inflammation than the neostigmine group. All joints treated with bupivacaine
showed minimal or mild changes in synovial membrane cell hyperplasia.

Reports of shoulder arthroscopy in young athletes that resulted in glenohumeral
chondrolysis within 6 months of surgery have been published'’. At the time of each initial
arthroscopic procedure, no cartilage pathology was reported in any of the patients. In two of the
three cases, radiofrequency energy was used. Thermal energy could not be excluded as a
contributing factor but the authors suggested that these patients potentially had an autoimmune
component to the development of chondrolysis. They theorized that the arthroscopy episode
potentially triggered this autoimmune response, causing migration of inflammatory cells to the
joint. These inflammatory cells could then release chondrolytic substances resulting in cartilage
death. However, one case received an intra-articular pain pump catheter in the immediate post-
operative period. Immediate post-operative pain management was not described for the other 2
cases. One of these cases received a bupivacaine injection 4 months post-surgery, which was one
month prior to a diagnosis of chondrolysis.

A report describes a case of chondrolysis of the ankle of a 21-year-old male following
treatment of a soft tissue injury to the ankle that occurred five years previously and progressed to
chronic instability''. Arthroscopy on the ankle joint was followed by a lateral ankle ligament
reconstruction. Postoperative analgesia included an intra-articular bupivacaine continuous pump
infusion. No complications were encountered with the surgery or in the 4 months
postoperatively, however 11 months post-surgery he represented for ankle pain. Upon the second
arthroscopic examination of the joint, chondrolysis was present. The patient signalment and the
affected joint were not typical for idiopathic chondrolysis. Speculation arose regarding the use of

the intra-articular administration of bupivacaine with a pain pump catheter.
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The records of 152 patients that underwent 177 shoulder arthroscopies were reviewed for

post-arthroscopic glenohumeral chondrolysis'*®

. Twelve shoulders in 10 patients developed
chondrolysis, and 83% of these required a subsequent procedure. All cases of chondrolysis had
been treated post-operatively with an intra-articular pain pump catheter (IAPPC) administering
0.25% bupivacaine and 1:200,000 epinephrine. The pH of the bupivacaine and epinephrine
administered was between 3.5 and 5.5 and was administered at a rate of 4.16cc/hour for 2 to 3
days. All patients had negative results on the rheumatologic and infectious work-ups. No other
risk factors were identified that could account for the chondrolysis. Of the 30 arthroscopic
procedures with IAPPCs, 63% had developed chondrolysis at the time of publication.

An experimental model examining IAPPCs was performed to investigate the potential
chondrotoxic effects of a continuous intra-articular infusion of bupivacaine in the rabbit shoulder
and the experiment was designed to mimic the clinical application of [APPC’s used in human
shoulder surgery'”. An IAPPC was surgically placed and a constant flow rate of 0.25%
bupivacaine, saline, or 0.25% bupivacaine and 1:200,000 epinephrine was administered for 48
hours. Findings revealed that the group with bupivacaine infusions had 50% reduction in
articular cartilage **S04 uptake compared to the saline group. The group with both bupivacaine
and epinephrine had a 56% reduction in sulfate uptake when compared to the saline group. When
cell viability was quantified with confocal microscopy, the group with bupivacaine infusions had
a 32% decrease in cell viability when compared to the saline group. The bupivacaine and
epinephrine group had a 20% decrease in cell viability when compared to the saline group. On
histological analysis of the cartilage and synovium, both the bupivacaine and bupivacaine and
epinephrine groups had significantly worse histological grades on all evaluated parameters when
compared to the saline group. The comparatively larger reduction in sulfate uptake than in cell
viability suggests that even cells that survived after bupivacaine infusion remained at a decreased
metabolic state 5 days after cessation of the infusion.

The effects of 0.5% bupivacaine on the viability of bovine articular chondrocytes in vitro
was performed to determine if 0.5% bupivacaine is chondrocytotoxic to articular chondrocytes
and if an intact articular surface protects chondrocytes from the effects of short-term 0.5%
bupivacaine exposure'®. Alginate bead cultures were evaluated with flow cytometry and intact
cartilage cores were evaluated with fluorescent viability stains and laser confocal microscopy to
evaluate chondrocyte death. Following exposure of the chondrocyte cultures to 0.5%

bupivacaine for 15, 30, and 60 minutes, 99% chondrocyte death was observed compared to 31%
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chondrocyte death was observed following saline exposure. When evaluating the cartilage cores,
the saline-treated intact cores had predominantly live chondrocytes near the articular surface.
Following exposure to 0.5% bupivacaine for 30 minutes, dead chondrocytes were present
extending below the intact articular cartilage surface. The percentage of live chondrocytes for the
saline-treated control cores was 74% and for the bupivacaine treated cores was 58%. Again, the
study found that the saline-treated cores with the surface removed had predominantly live
chondrocytes near the articular surface. However, treatment of these cores with 0.5%
bupivacaine resulted in a zone of dead chondrocytes that extended to a depth of 0.5mm to
1.0mm. When quantified with confocal microscopy, the cores with the surface removed
preserved 76% live chondrocytes for the saline-treated samples, and when treated with 0.5%
bupivacaine decreased chondrocyte viability to 25%. The findings suggest increased chondrocyte
death in the superficial regions of both intact articular cartilage and the cartilage with the surface
removed following 30 minutes of exposure to 0.5% bupivacaine. The data also suggests that the
intact surface of articular cartilage offers some protection from the chondrocytotoxic effects of
0.5% bupivacaine.

The findings in a case series of 4 young patients with rapid-onset glenohumeral
chondrolysis following arthroscopy were reported'””. All 4 patients had normal articular cartilage
based on pre-operative MRI and no complications occurred during the surgical procedures. By 6
months after the procedures, all 4 patients had decreased range of motion in the joint and follow-
up radiographs revealed narrowing of the joint space. No loose intra-articular bodies or marginal
osteophytes were present at the time of imaging. The inciting mechanism of the chondrolysis
was not determined but the use of bupivacaine as a post-operative intra-articular analgesic was
mentioned as a possibility.

Given the recent evidence that intra-articular bupivacaine may cause chondrocyte death, a
group of investigators wanted to determine if lidocaine, an amide local anesthetic similar to
bupivacaine, also had similar chondrocytotoxic effects. Using similar methodology as Chu’s
2006 in vitro study', bovine chondrocyte cell cultures and explants were exposed to 1% and 2%

d'"®. The tissues were treated for 15 to 30 minutes

lidocaine and chondrocyte death was assesse
and compared to saline controls. Cell viability was assessed at three different time points: 1 hour,
24 hours, and 1 week after exposure. They also compared chondrocyte viability of articular
surface intact explants to explants with the articular surface removed. Results indicated that

lidocaine had time and dose-dependent cytotoxic effects on both bovine articular chondrocyte
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cell cultures and explants. Cell viability decreased over the week of assessment and
chondrocytotoxicity was greater for 2% lidocaine treat chondrocytes compared to 1% lidocaine.
In contrast to their bupivacaine study'®, lidocaine did not cause as great an amount of
chondrocytotoxicity and an intact surface did not offer an apparent protective effect against
lidocaine. However, similar to the bupivacaine study, the cell cultures did exhibit greater
chondrocyte death compared to the explants, which suggests a protective effect of the cartilage
matrix. Bupivacaine and lidocaine have an acidic pH, much lower than a physiologic pH, so the
effects of saline at pH 5.0, pH 7.0, and pH 7.4 on chondrocyte viability were compared. There
were no statistical differences between the different saline pH treatments on chondrocyte
viability.

With the recent evidence that bupivacaine and lidocaine have been shown to be
chondrocytotoxic, other intra-articular analgesics were investigated. Ropivacaine is a long acting
aminoamide local anesthetic that has been shown to have fewer systemic side effects than
bupivacaine due to its lower lipid solubility and to be an effective intra-articular analegesic'’"'®'.
Comparing the effects of 0.5% bupivacaine, 0.5% ropivacaine, and saline exposed for 30
minutes on macroscopically normal human cartilage explants and cell cultures, bupivacaine was
found to cause significantly greater chondrocyte death than either ropivacaine or saline'®. There
was no difference in viability between the ropivacaine and saline treated groups. Similar to other
studies, chondrocyte death was greater in the cell cultures compared to the osteochondral
explants'*!7.

After establishing that bovine chondrocytes exposed in vitro to 0.5% bupivacaine caused
increased chondrocyte death compared to controls, human cartilage was exposed to bupivacaine
in a similar study design'®. Also, bovine cartilage was exposed to a variety of bupivacaine
concentrations for up to 60-minutes and results showed that 0.25% and 0.5% bupivacaine caused
time-dependent chondrocytotoxicity in both human and bovine chondrocytes in vitro. The
viability of bovine and human chondrocytes exposed to 0.125% bupivacaine for up to 60 minutes
was similar to saline exposed chondrocytes. They also found a time-dependent increase in bovine
chondrocyte death and rates of apoptosis using flow cytometry and time-lapse confocal
microscopy. Cellular death occurred more rapidly with 0.5% bupivacaine compared to 0.25%
bupivacaine and faster in the human chondrocytes than the bovine chondrocytes.

The purpose of this in vitro study was to measure chondrocyte death in articular cartilage

of dogs exposed to 0.5% bupivacaine with and without methylparaben preservative and to
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compare chondrocyte death when the articular surface is intact to when mechanically debrided.

We hypothesized that exposure of canine articular cartilage to 0.5% bupivacaine would increase
chondrocyte death in a time-dependent manner over 5 to 30 minutes and that chondrocyte death
would be increased to a lesser extent in intact cartilage cores compared to those with the surface

mechanically debrided.
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Figure 1.1 Molecular structure of bupivacaine
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Figure 1.2 Basic molecular structure of local anesthetics.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Collection of Phase 1 Tissue Samples

Six mature, fresh, canine cadavers weighing between 9.6kg and 19.8kg (mean 15.8kg)
were used immediately after humane euthanasia according to an approved IACUC protocol.
Cadavers were excluded if any overt gross joint pathology was present. The glenohumeral joints
of each dog were randomly assigned to one of two articular surface preparations prior to
collection: surface intact (SI) or surface removed (SR). For SI, the articular surface was
preserved. For SR, the cartilage surface was debrided by rubbing a sterilized abrasive pad
(Devon® Demolisher™, The Ludlow Company LP, Chicopee, MA) on the articular cartilage
surface (Figure 2.1). Then osteochondral cores were aseptically harvested from each
glenohumeral joint.

Cores of articular cartilage and the underlying subchondral bone were aseptically
harvested to a depth of 6mm by cutting the articular surface of each humeral head in a grid-like
fashion of 6mm x 6mm squares with a sterilized jig saw (Figure 2.2). Phosphate buffered saline
(PBS) at 37°C was flushed over the cartilage surface during cutting to minimize thermal damage.
Final osteochondral core dimensions were 6mm x 6mm x 6mm. The cores were labeled as SI or
SR depending on collection site and prior randomization. Cores were washed with PBS and then
submerged in sterile 60mm Petri dishes containing 37°C canine chondrocyte culture medium
(CCCM,; Cell Applications, Inc., San Diego, CA). The cores were maintained at 37°C under a
5% C0O,/95% air atmosphere until further testing was performed (approximately 24 hours).

2.2 Treatment and Evaluation of Phase 1 Tissue Samples

Each glenohumeral joint from 6 dogs was randomly assigned to SI or SR surface
preparations. Two cartilage cores from each humeral head of 6 dogs were randomly assigned to
one of three treatment solutions containing 15ml CCCM, 0.5% bupivacaine (B; AstraZeneca LP,
Wilmington, DE), or 0.5% bupivacaine with methylparaben preservative (BP; Hospira, Inc.,
Lake Forrest, IL), all with 0.1% methylene blue (MB)'"". All cores were maintained in the
treatment baths at 37°C for either 15 minutes or 30 minutes (Figure 2.3; Table 2.1). After either
15 or 30 minutes, each core was washed with PBS. A 1mm slice was collected from the center of
each core with two scalpel blades spaced 1mm apart.

A digital image was taken of each slice under 10x magnification standard light

microscopy (Figure 2.4). The depth of stain penetration from the articular surface and the cut
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surfaces, and the depth of the articular cartilage to the subchondral bone were measured in
micrometers (um) using a graticule. The dimensions of the unstained portion of the cartilage
after treatment determined the size of the unstained central section.

2.3 Collection of Phase 2 Tissue Samples

Ten mature, fresh, canine cadavers weighing between 14.5kg and 27.3kg (mean 20.1kg)
were used immediately after humane euthanasia according to an approved IACUC protocol.
Cadavers were excluded if any overt gross joint pathology was present. The glenohumeral joints
of each dog were randomly assigned to one of two articular surface preparations prior to
collection: SI or SR. Surface debridement for SR cores was performed as described for Phase 1.
Then osteochondral cores were aseptically harvested from each glenohumeral joint. One synovial
tissue sample and one core from each humeral head was randomly selected and fixed in 10%
buffered formalin and prepared for standard light microscopy to determine the overall health of
the articular cartilage. The SR osteochondral core for histopathologic assessment was collected
prior to surface debridement.

Cores of articular cartilage and the underlying subchondral bone were aseptically
harvested to a depth of 6mm by cutting the articular surface of each humeral head in a grid-like
fashion of 6mm x 6mm squares with a sterilized jig saw (Figure 2.2). PBS at 37°C was flushed
over the cartilage surface during cutting to minimize thermal damage. Final osteochondral core
dimensions were 6mm x 6mm x 6mm. The cores were labeled as SI or SR depending on
collection site and prior randomization. Cores were washed with PBS and then submerged in
sterile 60mm Petri dishes containing 37°C CCCM. The cores were maintained at 37°C under a
5% C0O,/95% air atmosphere until further testing was performed (approximately 24 hours).

2.4 Treatment and Evaluation of Phase 2 Tissue Samples

One core from each humeral head was assigned to 1 of 3 treatment solutions (CCCM, B,
or BP) and 1 of 3 time periods (5, 15, or 30 minutes) (Figure 2.5, Table 2.2). Cores were treated
in 60mm sterile Petri dishes containing 15ml of treatment solution maintained at 37°C. The pH
of each treatment solution was recorded with a digital pH probe (Topac, Inc., Cohasset, MA) and
meter (Corning, Inc., Corning, NY) at the beginning and end of each timed treatment.

The formalin fixed synovial tissue and articular cartilage from each joint were prepared
and stained with hematoxylin and eosin (H&E) for microscopic evaluation and verification that
the joints were normal. A board-certified veterinary pathologist blinded to the subsequent

treatment of the cores from that joint evaluated the synovial tissue and articular cartilage. Any
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pathology was noted and samples were graded for inflammation. Grades of 0 to 4 were assigned
as previously described'*>'®*: 0) no inflammation; 1) minimal inflammation, minimal congestion
and edema; 2) mild inflammation, evidenced by an increase in cell lining thickness and presence
of inflammatory cells (neutrophils); 3) moderate inflammation, evidenced by an increase in cell
lining thickness, synoviocyte hyperplasia and an increase in inflammatory cells (neutrophils and
macrophages); or 4) severe inflammation, evidenced by the marked numbers of inflammatory
cells (neutrophils and macrophages), fibrin exudation, increase in cell lining thickness and
synoviocyte hyperplasia.

One millimeter thick slices extending from the articular surface through the subchondral
bone were taken from the center of each osteochondral core prior to viability staining. The slices
were washed with PBS and then stained with 0.4ul calcein AM and 13ul ethidium homodimer-1
(LIVE/DEAD Viability/Cytotoxicity Kit, Molecular Probes, Eugene, OR) in 1ml PBS for 30
minutes. Living cells with intact plasma membranes and active cytoplasm metabolize calcein and
exhibit green fluorescence. Cell membranes of dead, damaged or dying cells are penetrated by
ethidium and their nuclei will exhibit red fluorescence. The samples were washed with PBS after
staining and mounted (VECTASHELD, Vector Laboratories, Burlingame, CA) on slides prior to
imaging.

Imaging was performed within one hour of staining using a laser confocal microscope
(Leica TCS SP2, Leica Microsystems, Wetzlar, Germany) equipped with fluorescein and
rhodamine filters at 10x magnification (Figure 2.6). The laser confocal microscope was used to
visualize intact viable tissue by forming serial optical sections through the depth of the
specimen'®. Digital images were acquired of fourteen sequential planes of the center field of
view from the articular surface to the subchondral bone of each cartilage slice. One of the
fourteen image planes was randomly evaluated for each cartilage slice. The cartilage was divided
into three equal zones from the surface to the subchondral bone (superficial zone, middle zone,
deep zone) and the live and dead cells were quantified for each zone of each selected image
(Figure 2). The cells were counted using digital image editing software (Photoshop CS, Adobe
Systems, Inc., San Jose, CA). For each zone of each image, the number of pixels contained in ten
cells was counted to calculate the average pixel count for a cell of that zone. This was performed
for both the calcein stained cells and the ethidium stained cells. The number of cells in each zone

was calculated by dividing the total number of green or red pixels in that zone by the respective
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average cell pixel count. The percentage of chondrocyte death (dead cells / live + dead cells x
100) was determined for the 3 zones of each randomly selected image from each tissue slice.
2.5 Statistical Methods

Phase 1: The proportional penetration of MB from the surface of the cartilage was
calculated by dividing the depth of penetration by the thickness of the cartilage to the level of the
subchondral bone. The proportional penetration was the response variable used to compare the
fixed effect of treatment (bath solution) and time. The proportional penetration was normally
distributed with failure to reject the null hypothesis of normality at p<0.05 using the Shapiro-
Wilk statistic. The fixed effect of treatment and time on proportional penetration was evaluated
for SI and SR samples using a mixed effect linear model that accounted for the random variance
of dog across treatment and time. Where there were significant fixed effects at p<0.05, pair-wise
comparisons across treatments and time were considered significant with a Scheffe adjustment at
p<0.05. The behavior of SI and SR samples was compared and described. PROC
UNIVARIATE, MEANS, and MIXED were used for the analysis (SAS v 9.1, SAS Institute,
Cary, NC).

Phase 2: Synovial tissue and cartilage histopathologic grades and viability within and
between treatment groups were compared. All data was categorical and was analyzed using
Mantel-Haenszel methods, stratifying across time. The frequency of outcomes was compared
across treatments with the null-hypothesis of like distributions rejected at p<0.05. Where there
was a significant difference, ad hoc comparisons were made using Fisher’s exact test maintaining
type I error at 0.05. The ph of the solution was compared before and after treatment using a
paired t-test (parametric) or Mann-Whitney U test (non-parametric) with significance determined
at p<0.05. The test used was based on the distribution of the data (normal or non-normal), using
the Shapiro-Wilk statistic with the null hypothesis of normality rejected at p<0.05. The
proportion of dead cells (chondrocyte death) was expressed as a percentage and transformed to
follow a normal distribution for analysis. The fixed effect of treatments, time and zones were
evaluated using a mixed effect linear model including the random variance of dogs across
treatments. Where there were significant fixed effects at p<0.05, pair-wise comparisons were
performed using a Scheffe adjustment to maintain type I error at 0.05. All results were
considered significant at p<0.05. PROC UNIVARIATE, PROC FREQ, MIXED, T TEST and
PROC NPARIWAY (SAS V9.1) were used for the analysis.
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Figure 2.1 Photomicrograph at 10x of H&E stained osteochondral cores with an intact
surface (A) and with the surface mechanically debrided (B).

Figure 2.2 Humeral heads (A) were cut in a grid-like fashion using a jigsaw (B) to harvest
osteochondral cores with final dimensions of 6mm x 6mm x 6mm (C).
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Figure 2.3 Schematic diagram of the experimental design describing the tissue sample
collection and treatment distribution for Phase 1.

Table 2.1 Phase 1 osteochondral core treatments and sample size.

15 minutes CCCM with MB B with MB BP with MB
SI 6 6 6
SR 6 6 6

30 minutes CCCM with MB B with MB BP with MB
SI 6 6 6
SR 6 6 6

SI (Surface Intact); SR (Surface Removed); MB (Methylene Blue)
CCCM (Canine Chondrocyte Culture Medium); B (0.5% Bupivacaine without preservative);

BP (0.5% Bupivacaine with Preservative)
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Figure 2.4 Standard light microscopic digital image at 10x of a 1mm slice of a surface
intact osteochondral core treated with 0.5% bupivacaine and methylene blue at 15 minutes

(A) and 30 minutes (B).
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Figure 2.5 Schematic diagram of the experimental design describing the tissue sample
collection and treatment distribution for Phase 2.

Table 2.2 Phase 2 osteochondral core treatments and sample size.

SI Treatment Time ccCCM B BP
5 minutes 10 10 10
15 minutes 10 10 10
30 Minutes 10 10 10
SR Treatment Time ccCM B BP
5 minutes 10 10 10
15 minutes 10 10 10
30 minutes 10 10 10

SI (Surface Intact); SR (Surface Removed)
CCCM (Canine Chondrocyte Culture Medium)
B (0.5% Bupivacaine); BP (0.5% Bupivacaine with Preservative)
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Figure 2.6 Confocal microscopic digital image at 10x of a surface intact osteochondral core
treated with canine chondrocyte culture media for S minutes stained with calcein AM (A)
and ethidium homodimer-1 (B). Images A and B are superimposed in image C showing the
greater chondrocyte death that occurred in the superficial zone.
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CHAPTER 3: RESULTS

3.1 Phase 1 Results

No gross lesions were present on the articular cartilage of any of the six cadavers. Phase
1 results revealed minimal penetration of MB from the cut surfaces of the cartilage core (Table
3.1). The average penetration from the side cut surface for all treatments ranged from 37 um to
49 wm with the average core width ranging from 5901 um to 5925 um. There was a slight
increase in the penetration from the side cut surfaces over time but the remaining stain free core
was of more than adequate width for evaluation of surface penetration of treatment solutions.
The subchondral bone blocked any penetration of treatment solutions from the deep margin of
the core. Thus, the cores were deemed adequate for evaluation of surface penetration since side
or deep penetration was not contributing to any staining into the central core.

There was surface penetration on all cores (Table 3.2, Figure 3.1). For SI cores, the mean
proportional penetration significantly increased from 15 to 30 minutes for all treatment solutions.
For SI cores, there was no significant difference in the mean proportional penetration across
treatment solutions at 15 minutes or 30 minutes. For SR cores, the mean proportional
penetration significantly increased from 15 to 30 minutes for all treatment solutions except BP.
For SR cores, there was no significant difference in the mean proportional penetration across
treatment solutions at 15 minutes or 30 minutes.

3.2 Phase 2 Results
No gross lesions were present on the articular cartilage of any of the ten cadavers.

Histopathology of the synovium and articular cartilage in Phase 2 samples was normal for 19 of
the 20 joints examined. One of the joints from dog 1 had a focal area of grade 1 inflammation of
the synovium. The articular cartilage of that joint showed no evidence of histologic disease.
3.2.1 Surface Intact

Comparing chondrocyte death in SI cartilage across zones (Table 3.3; Figures 3.2 & 3.3),
chondrocyte death was significantly higher in the superficial zone for all treatment solutions at
each time compared to that of the middle and deep zones. In the superficial zone of SI cartilage,
BP had significantly higher chondrocyte death at 5 minutes (47.7%) than B (23.6%) or CCCM
(25.4%) but by 30 minutes B (53.8%) and BP(62.5%) had similar chondrocyte death while
CCCM (20.0%) had significantly less chondrocyte death. In the middle and deep zones of SI
cartilage, chondrocyte death did not progress over time for B, BP, or CCCM. In the middle zone
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of SI cartilage, BP caused significantly higher chondrocyte death at 30 minutes (27.6%)
compared to CCCM (7.6%). In the deep zone of SI cartilage, BP had significantly higher
chondrocyte death at 30 minutes (14.1%) compared to B (6.4%).
3.2.2 Surface Removed

Comparing chondrocyte death in SR cartilage across zones (Table 3.3; Figures 3.4 &
3.5), chondrocyte death was significantly higher in the superficial zone for all treatments at each
time compared to that of the middle and deep zones. In the superficial zone of SR cartilage, BP
had significantly higher chondrocyte death at 30-minutes (59.0%) compared to 5-minutes
(37.7%). In the superficial zone of SR cartilage, BP had significantly higher chondrocyte death at
30 minutes (59.0%) than CCCM (28.9%). In the superficial zone of SR cartilage, chondrocyte
death did not progress over time for B and CCCM. In the middle and deep zones of SR cartilage,
chondrocyte death did not increase over time for any treatment solution or between treatment
solutions at any time.
3.2.3 Surface Intact Compared to Surface Removed

In the superficial zone (Table 3.3), chondrocyte death was significantly higher in SR
cartilage treated with B (48.2%) and CCCM (42.7%) at 5 minutes than in SI cartilage treated
with B (23.6%) and CCCM (25.4%). In the superficial zone, chondrocyte death was significantly
higher in SR cartilage at 15 minutes treated with CCCM (43.3%) than in SI treated with CCCM
(25.3%). In the middle zone, chondrocyte death was significantly higher in the SR cartilage
treated with CCCM (19.3%) at 5 minutes than in SI cartilage treated with CCCM (8.4%). In the
deep zone, chondrocyte death was significantly higher in the SR cartilage treated with B (17.0%)
at 30 minutes than in SI cartilage treated with B (6.4%).
3.24 pH

The pH significantly increased during the treatment period for all treatments with
exception to CCCM at 5 minutes in both the SI and SR osteochondral cores (Tables 3.4, 3.5 &
3.6). The pH was always significantly lower for B (SI 5.81, SR 6.52) and BP (SI 5.36, SR 6.36),
than CCCM (SI 7.51, SR 7.85). The ph of BP at the end of treatment (SI 6.38, SR 6.35) was
significantly lower than B at 5 minutes (SI 6.34, SR 6.32) and 15 minutes (SI 6.45, SR 6.48), but
by 30 minutes (SI 6.52, SR 6.51) it was the same. When comparing the SI and SR cores, there

was no difference for any treatment solution at any time.
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Table 3.1 Mean (standard deviation) methylene blue stain penetration measured in
microns from the cut sides of the cores following either 15 or 30 minute exposure.

Width stain-free
Surface Time Side penetration (um)
core (wm)
Surface Intact 15 minutes 39 (10.7) 5921 (21)
30 minutes 49 (11.7) 5901 (23)
Surface Removed | 15 minutes 37 (12.5) 5925 (25)
30 minutes 47 (9.3) 5905 (19)
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Figure 3.1 Mean (standard deviation) proportional penetration of methylene blue stain
from the articular surface of surface intact and surface removed osteochondral cores
following either 15 or 30 minute exposure to canine chondrocyte culture medium (CCCM),
0.5% bupivacaine (B), or 0.5% bupivacaine with preservative (BP). For surface intact and
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surface removed, means with like superscripts are not significantly different.

Table 3.2 Mean (standard deviation) proportional penetration of methylene blue stain
from the articular surface of surface intact and surface removed osteochondral cores
following either 15 or 30 minute exposure to canine chondrocyte culture medium (CCCM),
0.5% bupivacaine (B), or 0.5% bupivacaine with preservative (BP). For surface intact and

surface removed, means with like superscripts are not significantly different.

Surface Intact 15 Minutes 30 Minutes
CCCM 0.7 (0.16)* 0.9 (0.17)°

B 0.5(0.18) " 0.9 (0.07)°

BP 0.7 (0.08)* 0.9 (0.21)°
Surface Removed 15 Minutes 30 Minutes
CCCM 0.5 (0.22)¢ 0.9 (0.07)¢

B 0.6 (0.19) 0.9 (0.15) ¢

BP 0.8 (0.05)¢ 0.9 (0.16)¢
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Table 3.3 Mean (standard deviation) of chondrocyte death following 5 minute, 15 minute
or 30 minute exposure to canine chondrocyte culture medium (CCCM), 0.5% bupivacaine
(B), or 0.5% bupivacaine with preservative (BP) for surface intact (SI) and surface
removed (SR) osteochondral cores. For each zone, superscripts indicate that means with
like superscripts (a,b,c) across each row are not significantly different. For each zone,
subscripts indicate that means with like subscripts (x,y,z) down each column are not
significantly different. Bold numbers indicate surface intact means are significantly lower

compared to corresponding surface removed means.

Surface Treatment | 5 minutes 15 minutes 30 minutes

SUPERFICIAL ZONE

SI B 23.6 (14.67) * 49.9 (21.53) °, 53.8 (14.96) °
BP 47.7(16.54)", |37.6(23.0)%, 62.5 (19.42) °
CCCM 25.4 (16.42) ° 25.3 (18.9) %, 20.0 (23.29) %,

SR B 48.2 (27.06)% 38.8 (28.29) %, 47.2 (19.9)%
BP 37.7 (20.72) % 48.6 (20.92).  [59.0(19.24)",
CCCM 42.7 (25.94)% 43.3 (23.08)% 28.9 (19.76) %,

MIDDLE ZONE

SI B 8.6 (6.84)% 24.0 (24.42)%, 18.0 (15.24)%,
BP 16.7 (20.66)°, 28.8 (20.62) %, 27.6 (18.22)%,
CCCM 8.4 (9.35)°% 11.9 (10.68) %, 7.6 (8.10)%,

SR B 9.2 (16.13)% 12.1 (11.45)%, 19.8 (18.89)%,
BP 19.6 (19.28)%, 17.1 (18.75)%, 29.5 (18.99)%,
CCCM 19.3 (16.67)%, 13.3 (16.92)*, 14.8 (11.30)%,

DEEP ZONE

SI B 5.0 (4.64)% 10.7 (19.92)%, 6.4 (12.58)",
BP 13.0 (24.60) %, 12.2 (16.98) %, 14.1 (11.15)%,
CCCM 5.2(6.42)% 10.38 (8.06) %, 7.2 (7.06)%y

SR B 7.8 (12.70)% 15.5 (14.28) %, 17.0 (13.68) %,
BP 12.2 (16.49)*, 10.5 (7.29) % 16.1 (17.86) %,
CCCM 8.9 (9.03)% 5.9 (6.50)% 11.0 (17.53) %,
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Figure 3.2 Mean % chondrocyte death comparisons within treatment solutions across time
in the superficial zone of surface intact osteochondral cores. Means with like superscripts
are not significantly different.

SI (Surface Intact); SR (Surface Removed);

CCCM (Canine Chondrocyte Culture Medium);

B (0.5% Bupivacaine); BP (0.5% Bupivacaine with Preservative
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Figure 3.3 Mean % chondrocyte death comparisons across time in the superficial zone of
surface intact osteochondral cores. Means with like superscripts are not significantly
different.

SI (Surface Intact); SR (Surface Removed);

CCCM (Canine Chondrocyte Culture Medium);

B (0.5% Bupivacaine); BP (0.5% Bupivacaine with Preservative)
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Figure 3.4 Mean % chondrocyte death comparisons within treatment solutions across time
in the superficial zone of surface removed osteochondral cores. Means with like
superscripts are not significantly different.

CCCM (Canine Chondrocyte Culture Medium);

B (0.5% Bupivacaine); BP (0.5% Bupivacaine with Preservative)
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Figure 3.5 Mean % chondrocyte death comparisons across time in the superficial zone of
surface removed osteochondral cores. Means with like superscripts are not significantly
different.

CCCM (Canine Chondrocyte Culture Medium);

B (0.5% Bupivacaine); BP (0.5% Bupivacaine with Preservative)
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Table 3.4 Mean (standard deviation) pH of canine chondrocyte culture medium (CCCM),
0.5% bupivacaine (B), or 0.5% bupivacaine with preservative (BP) for surface intact (SI)
and surface removed (SR) osteochondral cores before and after 5 minute treatment. Means
with like subscripts (x,y,z) across each row (within surface and treatment solution) are not
significantly different. Asterisks (¥) indicate that the pH is significantly higher than initial

pH.

Surface | Treatment 5 minutes
Before After Difference

SI B 5.84(0.42) *6.3 x (0.26) -0.54(0.33)
BP 5.6 4(0.22) *6.1,(0.17) -0.4  (0.20)

CCCM | 7.5,(0.26) 7.8 ,(0.28) -0.2,(0.30)

SR B 5.8x(0.36) *6.3 x (0.24) -0.6 < (0.31)
BP 5.6(0.23) *6.1(0.16) -0.4 4 (0.21)

CCCM | 7.6 ,(0.28) 7.7 ,(0.28) -0.2,(0.31)
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Table 3.5 Mean (standard deviation) pH of canine chondrocyte culture medium (CCCM),
0.5% bupivacaine (B), or 0.5% bupivacaine with preservative (BP) for surface intact (SI)
and surface removed (SR) osteochondral cores before and after 15 minute treatment.
Means with like subscripts (x,y,z) across each row (within surface and treatment solution)
are not significantly different. Asterisks (¥) indicate that the pH is significantly higher than

initial pH.
Surface | Treatment 15 minutes
Before After Difference

SI B 5.84(0.42) *6.5 x (0.20) -0.7 x (0.34)
BP 5.6 (0.22) *6.3,(0.11) -0.6 x (0.17)
CCCM 7.5 (0.42) *7.8 ,(0.26) -0.7 4 (0.45)
SR B 5.8 (0.36) *6.5 % (0.21) -0.7 x (0.27)
BP 5.6 x (0.23) *6.3,(0.11) -0.6 x (0.16)
CCCM 7.6 (0.28) *7.8 ,(0.27) -0.3,(0.30)
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Table 3.6 Mean (standard deviation) pH of canine chondrocyte culture medium (CCCM),
0.5% bupivacaine (B), or 0.5% bupivacaine with preservative (BP) for surface intact (SI)
and surface removed (SR) osteochondral cores before and after 30 minute treatment.
Means with like subscripts (x,y,z) across each row (within surface and treatment solution)
are not significantly different. Asterisks (¥) indicate that the pH is significantly higher than

initial pH.
Surface | Treatment 30 minutes
Before After Difference

SI B 5.84(0.42) *6.5 x (0.22) -0.7  (0.45)
BP 5.6 (0.22) *6.4 « (0.10) -0.7 x (0.15)
CCCM 7.5 (0.26) *7.9,(0.23) -0.3,(0.28)
SR B 5.8 (0.36) *6.5 x (0.22) -0.8 4 (0.41)
BP 5.6 x (0.23) *6.4 « (0.09) -0.7 x (0.17)
CCCM 7.6 (0.28) *7.9,(0.22) -0.3,(0.29)
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Figure 3.6 Mean pH within treatment solutions across time of surface intact osteochondral
cores. Asterisks indicate significant increases compared to initial pH.

CCCM (Canine Chondrocyte Culture Medium);

B (0.5% Bupivacaine); BP (0.5% Bupivacaine with Preservative)
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Figure 3.7 Mean pH across time of surface intact osteochondral cores. Means with like
superscripts are not significantly different.

CCCM (Canine Chondrocyte Culture Medium);

B (0.5% Bupivacaine); BP (0.5% Bupivacaine with Preservative)
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Figure 3.8 Mean pH within treatment solutions across time of surface removed
osteochondral cores. Asterisks indicate significant increases compared to initial pH.
CCCM (Canine Chondrocyte Culture Medium);
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Figure 3.9 Mean pH across time of surface intact osteochondral cores. Means with like
superscripts are not significantly different.

CCCM (Canine Chondrocyte Culture Medium);

B (0.5% Bupivacaine); BP (0.5% Bupivacaine with Preservative)
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CHAPTER 4: DISCUSSION

Phase 1 was performed in part to confirm that osteochondral cores used for Phase 2 of the
study were of adequate dimensions. The results of Phase I demonstrated that there was no
penetration from the deep cut surface at the level of the subchondral bone, and that side
penetration was minimal and did not approach the central core. The remaining central core was
of more than adequate dimensions to evaluate chondrocyte death attributed to surface
penetration.

Phase 1 results also showed an increasing mean proportional penetration of MB from the
articular surface in a time dependent manner from 15 to 30 minutes in all treatment solutions and
in both SI and SR cores. Our finding of time-dependent surface penetration from the articular
surface of cartilage consistent with previous research'''. The increased penetration of BP with
MB in the SR cores suggested that when the articular surface was mechanically debrided, BP
with MB penetrated significantly faster compared to B with MB or CCCM with MB. When
comparing the Phase 2 chondrocyte death results to the Phase 1 MB penetration results, a direct
causal relationship between BP rate of penetration and BP chondrocyte death could not be
proven. In the superficial zone of SI cores, cores treated with BP for 30 minutes had significantly
higher chondrocyte death compared to 15 minutes. This pattern is consistent with phase 1 results,
where SI cores treated with BP and MB for 30 minutes had significantly more penetration
compared to 15 minutes. In the superficial zone of SI cores, cores treated with B for 15 and 30
minutes had significantly higher chondrocyte death compared to 5 minutes. This pattern is not
consistent with the results of Phase 1, where SI cores treated with B and MB for 30 minutes had
significantly more penetration compared to 15 minutes. In the superficial zone of SR cores, cores
treated with BP for 30 minutes had significantly higher chondrocyte death compared to 5
minutes. These results are not consistent with the results of Phase 1, where SR cores treated with
BP and MB for 30 minutes did not have more penetration compared to 15 minutes. Both
bupivacaine solutions caused significantly greater chondrocyte death over time compared to
CCCM, but the rapid penetration of BP treated cores in Phase 1 and the chondrocyte death in BP
treated cores of Phase 2 can not be considered a causal relationship. The increased chondrocyte
death in the superficial zone and the increasing chondrocyte death over time are more likely a

reflection of a time-dependent toxic effect on the exposed chondrocytes.
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Methylene blue was mixed with each of the tested solutions to act as a visual marker to
quantify the depth of surface penetration over time. Methylene blue has been shown to penetrate
the surface of articular cartilage in a time-dependant manner'''. An assumption of this study was
that the depth of methylene blue penetration was dependent upon and consistent with the
penetration of the treatment solution in which it was added. It is not known how the different
treatment solutions interact with MB or if MB penetration is independent of treatment solution
penetration. If the MB and the treatment solution penetrate independently and since Phase 1
results are a reflection of only MB penetration, then Phase 1 and Phase 2 results would have to
be considered independently.

In this study, both B and BP treated cores exhibited time-dependent chondrocyte death
and the greatest chondrocyte death occurred in the superficial zone of both the SI and SR cores.
This is a consistent finding in other studies examining bupivacaine-associated chondrocyte

death'*'®

. This could be at least partially due to the lower proteoglycan content in the superficial
zone of the articular cartilage. The concentration of proteoglycans increases with increasing
depth from the articular surface'®®. Chondrocytes in the histologic superficial zone degrade
proteoglycans more rapidly and synthesize less collagen and proteoglycans than do cells in the
deeper zones'”. Also, higher concentrations of fibronectin and water are present in the
superficial zone'®. Any insult that decreases chondrocyte proteoglycan production will result in
extracellular matrix changes that could no longer sustain chondrocytes. It has been shown that
0.5% bupivacaine causes a decline in proteoglycan synthesis™'* and loss of 50% of the
proteoglycans from articular cartilage results in irreversible degeneration of the joint'®. This
decreased metabolism could leave chondrocytes vulnerable to the toxic effect of bupivacaine.
Methylene blue penetration and chondrocyte death were attributed to time-dependent solution
penetration from only the articular surface. Therefore, the superficial zone is going to experience
the most exposure to bupivacaine for the most time. It follows that the superficial zone would
experience the most chondrocyte death.

When the SI and SR cores were compared, both had the greatest chondrocyte death in the
superficial zone. In the middle and deep zones of SI cores, there were no statistical differences in
chondrocyte death across time within treatments, but there were significant differences between
treatment solutions at 30 minutes. Interestingly, in the middle and deep zones of SR cores, there
were no statistical differences in chondrocyte death across time within treatments or between

treatment solutions at any given time. Experimentally, removal of the superficial zone increases
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the permeability of cartilage . We hypothesized that SR cores exposed to bupivacaine would

have greater chondrocyte death than SI cores. This was true for several of the time points but not
a consistent finding as reported by other studies'*®.

The hypothesis that BP would cause greater chondrocyte death compared to B was based
on the report of a crystalline precipitate when BP was mixed with human osteoarthritic synovial
fluid®. Complications associated with methylparaben are reported to be hypersensitivity reactions
following parenteral administration in people®. Investigations comparing chondrocyte death
following B and BP exposure have not been published". Our results support our hypothesis that
cartilage exposed to BP had greater chondrocyte death compared to B or CCCM. We did not mix
B or BP with synovial fluid to see if crystalline precipitates developed as previously described®.
This mechanism is not suspected to be the cause of increased chondrocyte death since there was
no synovial fluid associated with the project design. The pH was always significantly lower for B
and BP, than CCCM. The ph of BP at the end of treatment was significantly lower than B at 5
minutes and 15 minutes, however, by 30 minutes it was the same. Based on these results, the low
pH of BP could potentially be responsible for the increased chondrocyte death compared to the
other treatment solutions.

Our study evaluated the pH of the treatment solutions to determine if pH might contribute
to differences in chondrocyte death. The pH increased significantly for all treatments during the
treatment period (with exception to the CCCM at 5 minutes) suggesting that ongoing metabolism
offers some buffering. Both B and BP had a consistently significantly lower pH than CCCM.
Although a causal relationship has not been established, the lower pH of both bupivacaine
solutions may play a role in canine chondrocyte death. Bovine osteochondral explants were
treated with saline at pH 7.4, pH 7.0 and pH 5.0 for 15 to 60 minutes'”®. There were no
differences in chondrocyte death of the pH of 5.0 and pH 7.0 treated chondrocytes compared to
the pH 7.4 control group of at any time point, suggesting that saline with a pH as low as 5.0 did
not cause chondrocyte death. Due to species variation, the effect of pH on canine cartilage
remains unknown. The critical pH for causing canine chondrocyte death has not been
determined. Furthermore, the relationship between pH and bupivacaine-associated canine
chondrocyte death also remains unknown. Given that the pH of both B and BP were significantly
lower than CCCM, lower than physiologic pH, and that B and BP treated cores had greater
chondrocyte death compared to CCCM treated cores, it is possible that a low pH could contribute

to, accentuate, or cause bupivacaine-associated chondrocyte death. Ideally a physiologic pH
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bupivacaine would be compared to differentiate the effect of pH and the effect of bupivacaine
itself. However, buffering bupivacaine solutions to a pH of 7.4 would alter the pKa and chemical
effect of the solutions, in turn potentially negating the analgesic effect.

In this in vitro study, canine osteochondral cores exposed to both B and BP treatment
solutions showed a time-dependant chondrocyte death compared to CCCM, however, the
mechanisms responsible for bupivacaine-associated death of canine chondrocytes are unknown.
It has been shown that there is a relationship between local anesthetic exposure and cartilage
inflammation. A single intra-articular dose of 0.5% bupivacaine in rabbits caused increased
articular cartilage inflammation by 24 hours after administration’. Bupivacaine has also been
shown to cause inflammation through potentiating nitric oxide synthase-2 activity in rat glial
cells and astrocytes'’*. Nitric oxide synthase-2 activity can be induced in normal cells through
immunostimulation and bupivacaine has been shown to exacerbate ongoing inflammation

through the production of nitric oxide'"*'"

. Lidocaine has been shown to selectively up-regulate
pro-inflammatory proteins and down-regulate anti-inflammatory and some pro-resolution
peptides and proteins thereby inhibiting resolution of ongoing inflammation'®. It is possible that
bupivacaine shares this characteristic of inflammation inhibition with lidocaine. However, an
inflammatory mechanism causing chondrocyte death in this study is unlikely because the joints
were considered free of overt inflammation based on gross examination and histopathology of
each joint.

Bupivacaine caused a time and dose-dependent apoptosis in Schwann cell cultures by
stimulating the production of reactive oxygen species (ROS)'””. When the ROS was blocked
with anti-oxidants, bupivacaine induced apoptosis was significantly inhibited. Apoptosis of
human articular chondrocytes has also been observed and proposed to have at least a partial role
in chondrolysis following exposure to 0.25% bupivacaine'. In our study, B and BP had greater
chondrocyte death in the superficial zones of both the SI and SR cores compared to CCCM. It
has been shown that a greater proportion of apoptotic chondrocytes are within the histologic
superficial zone of articular cartilage, especially in the face of osteoarthritis'®'*®. These
chondrocytes undergo early apoptosis and have been detected with techniques such as
TUNEL'"*""_ Theoretically, cartilage in this study exposed to bupivacaine could undergo
decreased proteoglycan synthesis, leading to early chondrocyte apoptosis and the increased
chondrocyte death that was observed. The combination of low proteoglycan content in the

superficial aspect of cartilage, proteoglycan synthesis inhibition caused by bupivacaine, and the
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propensity for chondrocytes in the histologic superficial zone to undergo apoptosis could result
in the chondrocyte death that was observed in the superficial zones following exposure to
bupivacaine.

Bupivacaine has also been shown to disrupt mitochondrial homeostatic mechanisms and
could therefore contribute to bupivacaine-associated chondrocyte death. Local anesthetics with a
high lipid-solubility, such as bupivacaine, penetrate the cell and reach the mitochondria, disrupt
the mitochondrial transmembrane potential and subsequently lead to cellular apoptosis®'*°. If
the local anesthetic is removed before apoptosis is initiated, the effect is reversible and the
mitochondria recover. Bupivacaine has been shown to cause mitochondrial depolarization and
opening of permeability transition pores which play a key role in many forms of cell death'".
The uncoupling effect on the mitochondria was noticed 6 minutes after incubating chondrocytes
with bupivacaine® and our studied exposed chondrocytes for up to 30 minutes. The time to
initiation of apoptosis was not defined so the critical exposure time is unknown. This
mitochondrial mechanism could be at least partially responsible for chondrocyte death in our
study.

With the recent in vitro evidence that bupivacaine causes chondrocyte death in bovine
and human articular cartilage, the effects of other local anesthetics on chondrocytes were studied.
Lidocaine'’® and ropivacaine'® have both been shown in vitro to cause increased chondrocyte
death compared to saline controls. Similar to bupivacaine, they caused greater chondrocyte death

16,155

in cell cultures than intact tissues . Lidocaine and ropivacaine are useful as intra-articular

50,158,159,171

analgesics as they reportedly have minimal systemic side effects and are therefore

156,157,172
2572 These local

considered safer than bupivacaine when administered intra-articularly
anesthetics have been shown to cause chondrocyte death, but not to the same degree as
bupivacaine, which suggests that an inherent behavioral characteristic of bupivacaine is
responsible for chondrocyte death. Mepivacaine has also been shown to cause increased cell
death in equine articular cartilage explants challenged with lipopolysaccharide'”. Chu et al'*"®
and Piper et al'® compared the effect of cartilage surface integrity and found that cell cultures
were much more sensitive to the effects of local anesthetics than intact tissues with the surface
debrided. This suggests that not only an intact articular surface may have a protective effect but
also that the cartilage matrix itself may have an integral role in chondrocyte protection.

The phase 2 viability assessment methodology provided objective assessment of cell

viability. Confocal microscopy with vital staining is recognized as an accurate and sensitive
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method of determining cell viability'>>'%192-193

. Living cells with intact plasma membranes and
active cytoplasm metabolize calcein and exhibit green fluorescence and cell membranes of dead,
damaged or dying cells are penetrated by ethidium and their nuclei will exhibit red fluorescence.
This methodology easily discriminates between the live or dead/dying state of a given cell.
However, the methodology of actually counting the cells was potentially associated with
variability. Due to the number of cells in a given sample tissue, manual cell counts were
impractical from a time and labor perspective. An average pixel count for cells of each zone of
each image was used due to the layered structure of cartilage. The cells in the superficial zone of
articular cartilage are flatter and would appear to be smaller in a 2-dimensional microscopic
image than more spherical cells in the deeper zones. The average pixel count was done for both
live and dead cells due to the structure of cartilage and the size discrepancy between green and
red staining cells. Also, by nature of the staining properties, red cells will always have fewer
pixels than a green staining cells since it is the nucleus that stains red and the cytoplasm that
stains green. This methodology does have some shortcomings, especially when counting the SR
cores. The surface debridement process caused debris to collect on the articular surface that
could not be completely rinsed off the surface. When stained and imaged with the laser confocal
microscope, this debris stained red and was then subtracted from the pixel counts. This added
variability to the assessment that could have affected the results of Phase 2.

To the author’s knowledge, the tissue collection methodology used in this study has not
been previously described. We investigated the possibility of using similar collection
methodology described by Chu et al for their research on bovine chondrolysis but were restricted
by the size of the canine humeral head'*'". We found that we could collect osteochondral
explants of similar dimensions of 6mm x 6mm x 6mm cubes. In vivo models of canine
osteoarthritis have been reported in which disruption of the superficial zone occurs as a
consequencel69’170; however, to the authors’ knowledge, an in vitro osteochondral surface
disruption protocol has not been established. Chu et al removed the superficial Imm of cartilage
of their bovine osteochondral explantsM’lS, however, the thickness of canine humeral head
cartilage is considerably thinner than that of bovine stifles so this methodology could not be
duplicated with consistency in this study. Our surface debridement methodology may have
contributed to increased chondrocyte death in the SR cores. Preliminary histopathology
confirmed disruption of the superficial layers of the articular surface and that the collection of

these tissues did not cause overt pathology along the cut edges of the cartilage. The debridement

51



methodology was not standardized therefore disruption may have not been uniform from core to
core. Any variation in pressure could easily result in variation of surface debridement. When the
chondrocyte death was compared between SI and SR, significantly more chondrocyte death
occurred in the superficial zone of the SR cores treated with CCCM for 5 and 15 minutes
compared to the SI cores. In the middle zone, SR cores treated with CCCM for 5 minutes had
significantly greater chondrocyte death than SI cores. This is probably a reflection of the severe
trauma inflicted by the surface debridement, which set in motion a terminal process for
chondrocytes no matter to which treatment solution these cores were exposed. Therefore, our
study does not clearly evaluate the effect of cartilage disruption, but it does suggest a potential
protective effect of an intact articular cartilage surface.

Osteochondral core collection and storage prior to treatment may have affected the
chondrocyte viability, especially of the superficial zone chondrocytes. Articular cartilage
undergoes primarily anaerobic metabolism and exposing the articular cartilage to air may have

detrimental effects'®®

. Collection of the cores occurred immediately following euthanasia to
minimize any post-mortem autolysis. The osteochondral cores were collected as quickly as
possible, rinsed with 37°C PBS during collection to maintain moisture and minimize trauma, and
then immediately placed in CCCM at 37°C in a 5% CO,/95% air atmosphere. The CCCM is
manufactured specifically for use with canine chondrocytes. All tissues were treated and imaged
within 24 hours of euthanasia and collection to minimize in vitro chondrocyte death. Every joint
was collected with this same protocol to minimize variability that may have been due to
collection or storage artifact. However, this methodology likely inserted some degree of variation
to the evaluation and analysis.

This in vitro study showed that 0.5% bupivacaine with and without methylparaben
preservative are associated with a time-dependant penetration of canine articular cartilage and
increased chondrocyte death compared to controls, with both an intact and mechanically
debrided surface. Significantly higher chondrocyte death occurred in the superficial zones of
both ST and SR cores at every time period. These results suggest that an intact articular cartilage
surface is susceptible to chondrocyte death when exposed to 0.5% bupivacaine and that when the

surface is mechanically debrided chondrocyte death increases.
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CHAPTER 5: SUMMARY AND CONCLUSIONS

With the popularity of day-case arthroscopy procedures in people, a need for safe and
effective analgesia became a necessity. Bupivacaine has been thoroughly investigated as an
intra-articular analgesic following arthroscopic procedures and has been widely accepted as an
effective perioperative analgesic in people and animals. As an amide local anesthetic, it has an
immediate onset of action and a long duration of activity, so when combined with decreased
amounts of systemic analgesics, post-operative pain and systemic drug complications are
minimized so these patients can be discharged from the hospital the same day as the surgical
procedure. A variety of side effects associated with the use of intra-articular bupivacaine,
however, when accepted protocols are adhered to these side effects can be minimized.

While the use of intra-articular bupivacaine was gaining popularity among human
arthroscopic surgeons, research was performed to evaluate the safety of intra-articular
administration of irrigating solutions and bupivacaine on articular cartilage. Mature cartilage is
virtually devoid of blood supply and lymphatics so nutrition is provided by synovial fluid'®.
However, due to this difference compared to other tissues, response to cartilage injury is poor
and the risks of degenerative changes are increased'*®. Early animal studies showed that
chondrocytes exposed to bupivacaine suffered from a transient proteoglycan synthesis inhibition
however no structural alterations were noted’. Intra-articular bupivacaine was therefore
considered non-toxic to chondrocytes and research continued to determine the optimal protocol
to maximize efficacy and minimize associated side effects.

Years after the administration of intra-articular bupivacaine was considered non-toxic to
cartilage, concerns arose that intra-articular bupivacaine may actually be associated with more
delayed detrimental effects. Cartilage exposed to 0.5% bupivacaine showed evidence of
worsening inflammation beyond the time frame of previous studies’. Also, human case reports of
chondrolysis were emerging and speculation arose that intra-articular bupivacaine may be

10-12,69,175

responsible . In vivo research in rabbits supported this theory'”. In vitro studies assessing

chondrocyte death following bupivacaine exposure revealed a time-dependent toxic effect on

14.15 . . . . .
»°. Lidocaine and ropivacaine have since been shown to cause

16,176

bovine and human cartilage
chondrocyte death as well, but to a lesser degree than bupivacaine
The primary objective of this in vitro study was to determine if canine osteochondral

cores exposed to 0.5% bupivacaine would have increased chondrocyte death compared to
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controls. We measured chondrocyte death in articular cartilage of dogs exposed to 0.5%
bupivacaine with and without methylparaben preservative and compared chondrocyte death
when the articular surface was intact to when it was mechanically debrided. We hypothesized
that exposure of canine articular cartilage to 0.5% bupivacaine would increase chondrocyte death
in a time-dependent manner over 5 to 30 minutes and that chondrocyte death would be increased
to a lesser extent in intact cartilage cores compared to those with the surface mechanically
debrided.

Results of this study showed that articular cartilage of dogs following in vitro exposure to
0.5% bupivacaine with and without methylparaben preservative has greater chondrocyte death
than controls. Cartilage with an intact surface had less chondrocyte death following exposure to
the bupivacaine solutions compared to cartilage with the surface mechanically debrided,
however, our debridement methodology was so severe that results were potentially confounded.
Also, the pH of bupivacaine with and without methylparaben preservative were recorded and
found to be significantly lower than the control at pH 7.4.

The mechanisms responsible for bupivacaine-associated chondrocyte death are currently
unknown. The role of the low pH of the bupivacaine solutions may be important but researchers
have exposed cartilage to acidic saline solutions and found no increases in chondrocyte death
compared to controls'’®. Chondrocytes have been shown to undergo early apoptosis when
exposed to bupivacaine. Our results are consistent with other studies that found the greatest
chondrocyte death in the superficial zones of the cartilage where chondrocytes appear susceptible
to early apoptosis'’. Cartilage inflammation has been implicated to exacerbate bupivacaine’s
toxic effect, however, in this study the cartilage was considered histologically free of
inflammation. Long acting, highly lipid soluble local anesthetics including bupivacaine have
been shown to disrupt mitochondrial membrane potentials, leading to cell death. This mechanism
could theoretically been a mechanism of chondrocyte death in this study.

Aside from the given in vitro study limitations, several other limitations should be
considered. There was a temporal delay from tissue collection to treatment and evaluation that
could have introduced increased chondrocyte death. The Phase 1 penetration results were based
on the assumption that methylene blue penetration was a direct reflection of treatment solution
penetration. It is unknown if methylene blue penetrates articular cartilage independently from the
treatment solutions. Also, chondrocytes were counted using digital image editing software and

pixel counts to calculate chondrocyte numbers which could have been over- or underestimated
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due to technical considerations. The surface debridement methodology resulted in increased
chondrocyte death in controls so this methodology was potentially too aggressive.

Based on the results of this in vitro study, canine articular cartilage exposed to 0.5%
bupivacaine has greater chondrocyte death compared to controls. Further in vitro and in vivo
studies will be necessary to further evaluate time or dose dependent effects, single injections and
continuous infusions, healthy and osteoarthritic cartilage, and the role of pH in bupivacaine-
associated chondrolysis. Further research is indicated to determine if intact healthy cartilage is
less susceptible to injury, or if only cartilage with pathology is affected. This is of clinical
significance as many animals undergoing joint-related surgical procedures have concurrent
chondropathy or suffer iatrogenic cartilage injury during surgery. Joint pathology characterized
by loss of articular cartilage surface continuity occurs with conditions such as osteochondritis
dissecans'”’, cranial cruciate ligament rupture'®®, articular fractures'®’, and patellar luxations*”.
This pathology results in subsequent chondrosis and osteoarthritis. Until further research is

conducted, the intra-articular administration of 0.5% bupivacaine with or without methylparaben

preservative should be used with caution in dogs, especially those with concurrent chondropathy.

55



REFERENCES

. Hoelzler MG, Harvey RC, Lidbetter DA, et al: Comparison of perioperative analgesic

protocols for dogs undergoing tibial plateau leveling osteotomy. Vet Surg 34:337-344,
2005.

Sammarco JL, Conzemius MG, Perkowski SZ, et al: Postoperative analgesia for stifle

surgery: a comparison of intra-articular bupivacaine, morphine, or saline. Vet Surg 25:59
69, 1996.

Shafford HL, Hellyer PW, Turner AS: Intra-articular lidocaine plus bupivacaine in sheep
undergoing stifle arthrotomy. Vet Anaesth Analg 31:20-26, 2004.

Heard SO, Edwards WT, Ferrari D, et al: Analgesic effect of intraarticular bupivacaine or
morphine after arthroscopic knee surgery: a randomized, prospective, double-blind study.
Anesth Analg 74:822-826, 1992.

. Muir WW, Hubbell JAE, Skarda R: Local anesthesia in dogs and cats, in Muir WW, Hubbell

JAE, Skarda R, et al (eds): Handbook of Veterinary Anesthesia (ed 3rd), Vol. St. Louis,
MO, Mosby, 2000, pp 100-118.

Nole R, Munson NM, Fulkerson JP: Bupivacaine and saline effects on articular cartilage.
Arthroscopy 1:123-127, 1985.

. Fulkerson JP, Winters TF, Jr.: Articular cartilage response to arthroscopic surgery: a review

of current knowledge. Arthroscopy 2:184-189, 1986.

. Jones TA, Hand WR, Jr., Ports MD, et al: An evaluation of the histological effects of intra-

articular methadone in the canine model. Aana J 71:51-54, 2003.

. Dogan N, Erdem AF, Erman Z, et al: The effects of bupivacaine and neostigmine on articular

cartilage and synovium in the rabbit knee joint. J Int Med Res 32:513-519, 2004.

10. Petty DH, Jazrawi LM, Estrada LS, et al: Glenohumeral chondrolysis after shoulder

11.

12.

13.

14.

15.

arthroscopy: case reports and review of the literature. Am J Sports Med 32:509-515,
2004.

Bojescul JA, Wilson G, Taylor DC: Idiopathic chondrolysis of the ankle. Arthroscopy
21:224-227,2005.

Hansen BP, Beck CL, Beck EP, et al: Postarthroscopic glenohumeral chondrolysis. Am J
Sports Med 35:1628-1634, 2007.

Gomoll AH, Kang RW, Williams JM, et al: Chondrolysis after continuous intra-articular
bupivacaine infusion: an experimental model investigating chondrotoxicity in the rabbit
shoulder. Arthroscopy 22:813-819, 2006.

Chu CR, Izzo NJ, Papas NE, et al: In vitro exposure to 0.5% bupivacaine is cytotoxic to
bovine articular chondrocytes. Arthroscopy 22:693-699, 2006.

Chu CR, Izzo NJ, Coyle CH, et al: The in vitro effects of bupivacaine on articular
chondrocytes. J Bone Joint Surg Br 90:814-820, 2008.

56



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Piper SL, Kim HT: Comparison of ropivacaine and bupivacaine toxicity in human articular
chondrocytes. J Bone Joint Surg Am 90:986-991, 2008.

Goldring MB: The role of the chondrocyte in osteoarthritis. Arthritis Rheum 43:1916-1926,
2000.

Butterworth JFt, Strichartz GR: Molecular mechanisms of local anesthesia: a review.
Anesthesiology 72:711-734, 1990.

Skarda R, Tranquilli WJ: Local Anesthetics, in Tranquilli WJ, Thurmon JC, Grimm KA
(eds): Lumb & Jones' Veterinary Anesthesia and Analgesia (ed 4th), Vol. Ames, IA,
Blackwell Publishing, 2007.

Heavner JE: Local Anesthetics, in Thurmon JC, Tranquilli WJ, Benson GJ (eds): Lumb &
Jones' Veterinary Anesthesia (ed 3rd), Vol. Baltimore, Williams & Wilkins, 1996, pp
330-336.

Liljestrand G: Carl Koller and the development of local anesthesia. Acta Physiol Scand
Suppl 299:1-30, 1967.

Liljestrand G: The historical development of local anesthesia, in Lechart P (ed):
International Encyclopedia of Pharmacology and Therapeutics, Vol 1. Oxford, Pergamon,
1971, pp 1-38.

Vandam LD: Some aspects of the history of local anesthesia., in Strichartz BR (ed): Local
Anesthetics, Vol. Berlin, Springer-Verlag, 1987, pp 1-19.

Thomas JM, Schug SA: Recent advances in the pharmacokinetics of local anaesthetics.
Long-acting amide enantiomers and continuous infusions. Clin Pharmacokinet 36:67-83,
1999.

Sanchez V, Arthur GR, Strichartz GR: Fundamental properties of local anesthetics. 1. The
dependence of lidocaine's ionization and octanol:buffer partitioning on solvent and
temperature. Anesth Analg 66:159-165, 1987.

Levy RH: Local anesthetic structure, activity and mechanism of action., in Eger EII (ed):
Anesthetic Uptake and Action, Vol. Baltimore, Williams and Wilkins, 1974, pp 323-327.

McLure HA, Rubin AP: Review of local anaesthetic agents. Minerva Anestesiol 71:59-74,
2005.

Cattrall WA: Structure and function of voltage-sensitive ion channels. Science 242:50-61,
1988.

Nathan PW, Sears TA: Some factors concerned in differential nerve block by local
anaesthetics. J Physiol 157:565-580, 1961.

Raymond SA, Strichartz GR: The long and short of differential block. Anesthesiology
70:725-728, 1989.

Greene NM: Area of differential block in spinal anesthesia with hyperbaric tetracaine.
Anesthesiology 19:45-50, 1958.

AstraZeneca®: Product Monograph Sensorcaine®, in, Vol. Mississauga, Ontario L4Y 1M4,
AstraZeneca®, 2008.

57



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,
45.
46.

47.

48.

49.

50.

Nunes de Moraes A, Dyson DH, O'Grady MR, et al: Plasma concentrations and
cardiovascular influence of lidocaine infusions during isoflurane anesthesia in healthy
dogs and dogs with subaortic stenosis. Vet Surg 27:486-497, 1998.

Muir WW, 3rd, Wiese AJ, March PA: Effects of morphine, lidocaine, ketamine, and
morphine-lidocaine-ketamine drug combination on minimum alveolar concentration in
dogs anesthetized with isoflurane. Am J Vet Res 64:1155-1160, 2003.

Steagall PV, Teixeira Neto FJ, Minto BW, et al: Evaluation of the isoflurane-sparing effects
of lidocaine and fentanyl during surgery in dogs. ] Am Vet Med Assoc 229:522-527,
2006.

Valverde A, Doherty TJ, Hernandez J, et al: Effect of lidocaine on the minimum alveolar
concentration of isoflurane in dogs. Vet Anaesth Analg 31:264-271, 2004.

Ko J, Weil A, Maxwell L, et al: Plasma concentrations of lidocaine in dogs following
lidocaine patch application. ] Am Anim Hosp Assoc 43:280-283, 2007.

Weil AB, Ko J, Inoue T: The use of lidocaine patches. Compend Contin Educ Vet 29:208
210, 212, 214-206, 2007.

Kaeding CC, Hill JA, Katz J, et al: Bupivacaine use after knee arthroscopy:
pharmacokinetics and pain control study. Arthroscopy 6:33-39, 1990.

Debruyne D, Moulin MA, Carmes C, et al: Monitoring serum bupivacaine levels during
arthroscopy. Eur J Clin Pharmacol 27:733-735, 1985.

Wasudev G, Smith BE, Limbird TJ: Blood levels of bupivacaine after arthroscopy of the
knee joint. Arthroscopy 6:40-42, 1990.

Bubenik L, Hosgood G, Barker S, et al: Estimated plasma bupivacaine concentration after
single dose and eight-hour continuous intra-articular infusion of bupivacaine in normal
dogs. Vet Surg 36:783-791, 2007.

Covino BG: Pharmacodynamic and pharmacokinetic aspects of local anesthetics. Ann Chir
Gynaecol 73:118-122, 1984.

Tucker GT: Pharmacokinetics of local anaesthetics. Br J Anaesth 58:717-731, 1986.
De Jong RH: Local Anesthetics (ed 2nd). Springfield, IL, Charles C. Thomas, 1977.

Steffey EP, Booth NH: Local anesthetics, in Adams HR (ed): Veterinary Pharmacology and
Therapeutics (ed 7th), Vol. Ames, lowa State University Press, 1995, pp 358-371.

Soltesz EG, van Pelt F, Byrne JG: Emergent cardiopulmonary bypass for bupivacaine
cardiotoxicity. J Cardiothorac Vasc Anesth 17:357-358, 2003.

Mather LE, Chang DH: Cardiotoxicity with modern local anaesthetics: is there a safer
choice? Drugs 61:333-342, 2001.

Albright GA: Cardiac arrest following regional anesthesia with etidocaine or bupivacaine.
Anesthesiology 51:285-287, 1979.

Kasten GW, Martin ST: Successful cardiovascular resuscitation after massive intravenous
bupivacaine overdosage in anesthetized dogs. Anesth Analg 64:491-497, 1985.

58



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

Browne TR: Paraldehyde, chlormethiazole, and lidocaine for treatment of status epilepticus.
Adv Neurol 34:509-517, 1983.

Wagman [H, De Jong RH, Prince DA: Effects of lidocaine on the central nervous system.
Anesthesiology 28:155-172, 1967.

Heavner JE: Cardiac dysrhythmias induced by infusion of local anesthetics into the lateral
cerebral ventricle of cats. Anesth Analg 65:133-138, 1986.

Atlee JL, 3rd, Bosnjak ZJ: Mechanisms for cardiac dysrhythmias during anesthesia.
Anesthesiology 72:347-374, 1990.

Aps C, Reynolds F: The effect of concentration on vasoactivity of bupivacaine and
lignocaine. Br J Anaesth 48:1171-1174, 1976.

Courtney KR, Kendig JJ: Bupivacaine is an effective potassium channel blocker in heart.
Biochim Biophys Acta 939:163-166, 1988.

Moller RA, Covino BG: Cardiac electrophysiologic effects of lidocaine and bupivacaine.
Anesth Analg 67:107-114, 1988.

Moller RA: Progesterone-induced increase in cardiac sensitivity to bupivacaine.
Anesthesiology 69:A675, 1988.

Betrix L: Effects of hypo- and hypernatremia on the depression of ventricular condition and
arrhythmias. Anesthesiology 69:A875, 1988.

Imai M: Enhanced myocardial depression from bupivicaine in diabetic rats. Anesthesiology
69:A872, 1988.

Anderson ST, Hajduczek J, Barker SJ: Benzocaine-induced methemoglobinemia in an adult:
accuracy of pulse oximetry with methemoglobinemia. Anesth Analg 67:1099-1101, 1988.

Milburn A: The effect of the local anaesthetic bupivacaine on the muscle spindle of rat. J
Neurocytol 5:425-446, 1976.

Hall-Craggs EC: Early ultrastructural changes in skeletal muscle exposed to the local
anaesthetic bupivacaine (Marcaine). Br J Exp Pathol 61:139-149, 1980.

Hall-Craggs EC: Survival of satellite cells following exposure to the local anesthetic
bupivacaine (Marcaine). Cell Tissue Res 209:131-135, 1980.

Grouselle M, Tueux O, Dabadie P, et al: Effect of local anaesthetics on mitochondrial
membrane potential in living cells. Biochem J 271:269-272, 1990.

Powell HC, Kalichman MW, Garrett RS, et al: Selective vulnerability of unmyelinated fiber
Schwann cells in nerves exposed to local anesthetics. Lab Invest 59:271-280, 1988.

Craft DV, Good RP: Delayed hypersensitivity reaction of the knee after injection of
arthroscopy portals with bupivacaine (marcaine). Arthroscopy 10:305-308, 1994.

Nagel JE, Fuscaldo JT, Fireman P: Paraben allergy. Jama 237:1594-1595, 1977.

Hansen BP, Beck CL, Townsley RW, et al: Post-arthroscopic shoulder chondrolysis with
associated intraarticular pain pump catheter use., in American Academy of Orthopaedic
Surgeons 2006 Annual Meeting, Vol. Chicago, IL, 2006, p Paper 360.

59



70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Pellaci F, Beluzzi R, Martini A: Outpatient arthroscopy. Chir Organi Mov:165-172, 1996.

Bonicaizi V, Gallino M: Comparison of two regional anesthetic techniques for knee
arthroscopy. Arthroscopy 11, 1995.

Forssblad M, Weidenhielm L: Knee arthroscopy in local versus general anaesthesia. The
incidence of rearthroscopy. Knee Surg Sports Traumatol Arthrosc 7:323-326, 1999.

McGinty JB, Matza RA: Arthroscopy of the knee. Evaluation of an out-patient preocedure
under local anesthesia. J Bone Joint Surg Am 60:787-789, 1978.

Pevey JK: Outpatient arthroscopy of the knee under local anesthesia. Am J Sports Med
6:122-126, 1978.

Reuben SS, Sklar J: Pain management in patients who undergo outpatient arthroscopic
surgery of the knee. J Bone Joint Surg Am 82-A:1754-1766, 2000.

Chirwa SS, MacLeod BA, Day B: Intraarticular bupivacaine (Marcaine) after arthroscopic
meniscectomy: a randomized double-blind controlled study. Arthroscopy 5:33-35, 1989.

Khoury GF, Chen AC, Garland DE, et al: Intraarticular morphine, bupivacaine, and
morphine/bupivacaine for pain control after knee videoarthroscopy. Anesthesiology
77:263-266, 1992.

Kehlet H, Dahl JB: The value of "multimodal" or "balanced analgesia" in postoperative pain
treatment. Anesth Analg 77:1048-1056, 1993.

El-Mansouri M, Reuben SS, Sklar J, et al: Preemptive analgesic effect of intraarticular
morphine for arthroscopic knee surgery. Anesthesiology 1999:A953, 1999.

Gatt CJ, Jr., Parker RD, Tetzlaff JE, et al: Preemptive analgesia: its role and efficacy in
anterior cruciate ligament reconstruction. Am J Sports Med 26:524-529, 1998.

Fagan DJ, Martin W, Smith A: A randomized, double-blind trial of pre-emptive local
anesthesia in day-case knee arthroscopy. Arthroscopy 19:50-53, 2003.

Henderson RC, Campion ER, DeMasi RA, et al: Postarthroscopy analgesia with
bupivacaine. A prospective, randomized, blinded evaluation. Am J Sports Med 18:614-
617, 1990.

Raja SN, Dickstein RE, Johnson CA: Comparison of postoperative analgesic effects of
intraarticular bupivacaine and morphine following arthroscopic knee surgery.
Anesthesiology 77:1143-1147, 1992.

Allen GC, St Amand MA, Lui AC, et al: Postarthroscopy analgesia with intraarticular
bupivacaine/morphine. A randomized clinical trial. Anesthesiology 79:475-480, 1993.

Jaureguito JW, Wilcox JF, Cohn SJ, et al: A comparison of intraarticular morphine and
bupivacaine for pain control after outpatient knee arthroscopy. A prospective,
randomized, double-blinded study. Am J Sports Med 23:350-353, 1995.

Tuncer B, Babacan CA, Arslan M: The pre-emptive analgesic effect of intra-articular
bupivacaine in arthroscopic knee surgery. Acta Anaesthesiol Scand 49:1373-1377, 2005.

60



87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Charalambous CP, Tryfonidis M, Alvi F, et al: Purely intra-articular versus general
anesthesia for proposed arthroscopic partial meniscectomy of the knee: a randomized
controlled trial. Arthroscopy 22:972-977, 2006.

Smith I, Van Hemelrijck J, White PF, et al: Effects of local anesthesia on recovery after
outpatient arthroscopy. Anesth Analg 73:536-539, 1991.

Boden BP, Fassler S, Cooper S, et al: Analgesic effect of intraarticular morphine,
bupivacaine, and morphine/bupivacaine after arthroscopic knee surgery. Arthroscopy
10:104-107, 1994.

Follak N, Ganzer D: Postoperative analgesic value of the intra-articular instillation of
bupivacaine and morphine after arthroscopic knee surgery. Arch Orthop Trauma Surg
121:278-281, 2001.

Middleton F, Coakes J, Umarji S, et al: The efficacy of intra-articular bupivacaine for relief
of pain following arthroscopy of the ankle. J Bone Joint Surg Br 88-B:1603-1605, 2006.

Goodwin RC, Amjadi F, Parker RD: Short-term analgesic effects of intra-articular injections
after knee arthroscopy. Arthroscopy 21:307-312, 2005.

Goodwin RC, Parker RD: Comparison of the analgesic effects of intra-articular injections
administered preoperatively and postoperatively in knee arthroscopy. J Knee Surg 18:17-
24, 2005.

Tetzlaff JE, Brems J, Dilger J: Intraarticular morphine and bupivacaine reduces
postoperative pain after rotator cuff repair. Reg Anesth Pain Med 25:611-614, 2000.

Convery PN, Milligan KR, Quinn P, et al: Low-dose intra-articular ketorolac for pain relief
following arthroscopy of the knee joint. Anaesthesia 53:1125-1129, 1998.

Woods GW, O'Connor DP, Calder CT: Continuous femoral nerve block versus intra-
articular injection for pain control after anterior cruciate ligament reconstruction. Am J
Sports Med 34:1328-1333, 2006.

Rasmussen S, Larsen AS, Thomsen ST, et al: Intra-articular glucocorticoid, bupivacaine and
morphine reduces pain, inflammatory response and convalescence after arthroscopic
meniscectomy. Pain 78:131-134, 1998.

Yamaguchi K, Sethi N, Bauer GS: Postoperative pain control following arthroscopic release
of adhesive capsulitis: a short-term retrospective review study of the use of an intra-
articular pain catheter. Arthroscopy 18:359-365, 2002.

Park JY, Lee GW, Kim Y, et al: The efficacy of continuous intrabursal infusion with

morphine and bupivacaine for postoperative analgesia after subacromial arthroscopy. Reg
Anesth Pain Med 27:145-149, 2002.

100. Chao D, Young S, Cawley P: Postoperative pain management for arthroscopic shoulder

surgery: interscalene block versus patient-controlled infusion of 0.25% bupivicaine. Am J
Orthop 35:231-234, 2006.

101. Bacha WJ, Bacha LM: Cartilage, in Color Atlas of Veterinary Histology (ed 2nd), Vol.

Philadelphia, Lippincott Williams & Wilkins, 2000, pp 19-20.

61



102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Eurell JC, Van Sickle DC: Connective and Supportive Tissues, in Dellman HD, Eurell JC
(eds): Textbook of Veterinary Histology (ed 5th), Vol. Philadelphia, Lippincott Williams
& Wilkins, 1988, pp 32-61.

Buckwalter JA, Mankin HJ: Articular Cartilage, Part I: Tissue design and chondrocyte-
matrix interactions. J Bone Joint Surg 79A:600-611, 1997.

Newman AP: Articular cartilage repair. Am J Sports Med 26:309-324, 1998.

Eggli PS, Hunziker EB, Schenk RK: Quantitation of structural features characterizing
weight- and less-weight-bearing regions in articular cartilage: a stereological analysis of
medial femoral condyles in young adult rabbits. Anat Rec 222:217-227, 1988.

Davies DV: Observations on the volume, viscosity and nitrogen content of synovial fluid,
with a note on the histological appearance of the synovial membrane. J Anat 78:68-78,
1944.

Bennett GA, Bauer W, Maddock SJ: A study of the repair of articular cartilage and the
reaction of normal joints of the adult dogs to surgically created defects of articular
cartilage, "joint mice" and patellar displacements. Am J Pathol 8:499-523, 1932.

Todhunter RJ, Johnston SA: Osteoarthritis, in Slatter D (ed): Textbook of Small Animal
Surgery (ed 3rd), Vol 2. Philadelphia, PA, Saunders, 2003, pp 2208-2246.

Stockwell RA: Metabolism of Cartilage, in Hall BK (ed): Cartilage, Vol 1. New York, NY,
Academic Press, 1983, p 253.

Maroudas A: Physiochemical properties and functional behavior of normal and
osteoarthritic human cartilage., in Kuettner KE (ed): Articular Cartilage Biochemistry,
Vol. New York, NY, Raven Press, 1986, p 311.

Maroudas A, Bullough P, Swanson SA, et al: The permeability of articular cartilage. J
Bone Joint Surg Br 50:166-177, 1968.

Mankin HJ: The response of articular cartilage to mechanical injury. J Bone Joint Surg Am
64:460-466, 1982.

Ghadially FN, Thomas I, Oryschak AF, et al: Long-term results of superficial defects in
articular cartilage: a scanning electron-microscope study. J Pathol 121:213-217, 1977.

Shapiro F, Koide S, Glimcher MJ: Cell origin and differentiation in the repair of full-
thickness defects of articular cartilage. J Bone Joint Surg Am 75:532-553, 1993.

Furukawa T, Eyre DR, Koide S, et al: Biochemical studies on repair cartilage resurfacing
experimental defects in the rabbit knee. J Bone Joint Surg Am 62:79-89, 1980.

Mitchell N, Shepard N: The resurfacing of adult rabbit articular cartilage by multiple
perforations through the subchondral bone. J Bone Joint Surg Am 58:230-233, 1976.

Reagan BF, Mclnerny VK, Treadwell BV, et al: Irrigating solutions for arthroscopy. A
metabolic study. J Bone Joint Surg Am 65:629-631, 1983.

Straehley D, Heller A, Solomons C, et al: The effect of arthroscopic irrigating solutions on
cartilage and synovium., Proceedings, 31st Annual Meeting of the Orthopedic Research
Society, Las Vegas, NV, 1985

62



119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.
130.
131.

132.

133.

134.

135.

136.

Bert JM, Posalaky Z, Snyder S, et al: Effect of various irrigating fluids on the ultrastructure
of articular cartilage. Arthroscopy 6:104-111, 1990.

Bulstra SK, Kuijer R, Eerdmans P, et al: The effect in vitro of irrigating solutions on intact
rat articular cartilage. J Bone Joint Surg Br 76:468-470, 1994.

Douw CM, Bulstra SK, Vandenbroucke J, et al: Clinical and pathological changes in the
knee after accidental chlorhexidine irrigation during arthroscopy. Case reports and review
of the literature. J Bone Joint Surg Br 80:437-440, 1998.

van Huyssteen AL, Bracey DJ: Chlorhexidine and chondrolysis in the knee. J Bone Joint
Surg Br 81:995-996, 1999.

Lu Y, Edwards RB, 3rd, Nho S, et al: Lavage solution temperature influences depth of
chondrocyte death and surface contouring during thermal chondroplasty with
temperature-controlled monopolar radiofrequency energy. Am J Sports Med 30:667-673,
2002.

Voss JR, Lu Y, Edwards RB, et al: Effects of thermal energy on chondrocyte viability. Am
J Vet Res 67:1708-1712, 2006.

Duncan JW, Schrantz JL, Nasca RJ: The bizarre stiff hip. Possible idiopathic chondrolysis.
Jama 231:382-385, 1975.

Wenger DR, Mickelson MR, Ponseti IV: Idiopathic chondrolysis of the hip. Report of two
cases. J Bone Joint Surg Am 57:268-271, 1975.

del Couz Garcia A, Fernandez PL, Gonzalez MP, et al: Idiopathic chondrolysis of the hip:
long-term evolution. J Pediatr Orthop 19:449-454, 1999.

Duncan JW, Nasca R, Schrantz J: Idiopathic chondrolysis of the hip. J Bone Joint Surg Am
61:1024-1028, 1979.

Bleck EE: Idiopathic chondrolysis of the hip. J Bone Joint Surg Am 65:1266-1275, 1983.
Rowe LJ, Ho EK: Idiopathic chondrolysis of the hip. Skeletal Radiol 25:178-182, 1996.

Rachinsky I, Boguslavsky L, Cohen E, et al: Bilateral idiopathic chondrolysis of the hip: a
case report. Clin Nucl Med 25:1007-1009, 2000.

Korula RJ, Jebaraj I, David KS: Idiopathic chondrolysis of the hip: medium- to long-term
results. ANZ J Surg 75:750-753, 2005.

Stanescu R, Stanescu V, Maroteaux P, et al: Constitutional articular cartilage dysplasia
with accumulation of complex lipids in chondrocytes and precocious arthrosis. Arthritis
Rheum 24:965-968, 1981.

Aldegheri R, Trivella G, Saleh M: Articulated distraction of the hip. Conservative surgery
for arthritis in young patients. Clin Orthop Relat Res:94-101, 1994.

Jofe MH, Lehman W, Ehrlich MG: Chondrolysis following slipped capital femoral
epiphysis. J Pediatr Orthop B 13:29-31, 2004.

Sternlicht AL, Ehrlich MG, Armstrong AL, et al: Role of pin protrusion in the etiology of
chondrolysis: a surgical model with radiographic, histologic, and biochemical analysis. J
Pediatr Orthop 12:428-433, 1992.

63



137.

138.

139.

140.
141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Zionts LE, Simonian PT, Harvey JP, Jr.: Transient penetration of the hip joint during in situ
cannulated-screw fixation of slipped capital femoral epiphysis. J Bone Joint Surg Am
73:1054-1060, 1991.

Yoshida A, Ogawa K, Takahashi M, et al: Chondrolysis of the shoulder. A report of two
cases. The Shoulder Joint 15:79-84, 1991.

Tamai K, Higashi A, Cho S, et al: Chondrolysis of the shoulder following a "color test"
assisted rotator cuff repair--a report of 2 cases. Acta Orthop Scand 68:401-402, 1997.

Fukuda H, Hamada K: Post-cuff-repair arthropathy. J Jpn Orthop Assoc 70:S512, 1996.

Nakagawa Y, Ueo T, Miki T, et al: Glenohumeral osteoarthritis following a "color test"
during rotator cuff repair. A case report and a review of the literature. Bull Hosp Jt Dis
57:216-218, 1998.

Shibata Y, Midorikawa K, Koga T, et al: Chondrolysis of the glenohumeral joint following
a color test using gentian violet. Int Orthop 25:401-403, 2001.

Charrois O, Ayral X, Beaufils P: [Rapid chondrolysis after arthroscopic external
meniscectomy. Apropos of 4 cases]. Rev Chir Orthop Reparatrice Appar Mot 84:88-92,
1998.

Ishida K, Kuroda R, Sakai H, et al: Rapid chondrolysis after arthroscopic partial lateral
meniscectomy in athletes: a case report. Knee Surg Sports Traumatol Arthrosc 14:1266-
1269, 2006.

Leclair A, Gangi A, Lacaze F, et al: Rapid chondrolysis after an intra-articular leak of bone
cement in treatment of a benign acetabular subchondral cyst: an unusual complication of
percutaneous injection of acrylic cement. Skeletal Radiol 29:275-278, 2000.

Abril JC, Calvo E, Castillo F, et al: Chondrolysis of the hip after transfer of the greater
trochanter. J Pediatr Orthop 18:242-245, 1998.

Levine WN, Clark AM, Jr., D'Alessandro DF, et al: Chondrolysis following arthroscopic
thermal capsulorrhaphy to treat shoulder instability. A report of two cases. J Bone Joint
Surg Am 87:616-621, 2005.

Jerosch J, Aldawoudy AM: Chondrolysis of the glenohumeral joint following arthroscopic
capsular release for adhesive capsu litis: a case report. Knee Surg Sports Traumatol
Arthrosc, 2006.

Ciccone WJ, 2nd, Weinstein DM, Elias JJ: Glenohumeral chondrolysis following thermal
capsulorrhaphy. Orthopedics 30:158-160, 2007.

Good CR, Shindle MK, Kelly BT, et al: Glenohumeral chondrolysis after shoulder
arthroscopy with thermal capsulorrhaphy. Arthroscopy 23:797 €791-795, 2007.

Edwards RB, 3rd, Lu Y, Rodriguez E, et al: Thermometric determination of cartilage
matrix temperatures during thermal chondroplasty: comparison of bipolar and monopolar
radiofrequency devices. Arthroscopy 18:339-346, 2002.

Lu 'Y, Bogdanske J, Lopez M, et al: Effect of simulated shoulder thermal capsulorrhaphy
using radiofrequency energy on glenohumeral fluid temperature. Arthroscopy 21:592-
596, 2005.

64



153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Hogan CJ, Diduch DR: Progressive articular cartilage loss following radiofrequency
treatment of a partial-thickness lesion. Arthroscopy 17:E24, 2001.

Edwards RB, 3rd, Lu Y, Nho S, et al: Thermal chondroplasty of chondromalacic human
cartilage. An ex vivo comparison of bipolar and monopolar radiofrequency devices. Am J
Sports Med 30:90-97, 2002.

Lu Y, Hayashi K, Hecht P, et al: The effect of monopolar radiofrequency energy on partial-
thickness defects of articular cartilage. Arthroscopy 16:527-536, 2000.

Lu Y, Edwards RB, 3rd, Kalscheur VL, et al: Effect of bipolar radiofrequency energy on
human articular cartilage. Comparison of confocal laser microscopy and light
microscopy. Arthroscopy 17:117-123, 2001.

LuY, Edwards RB, 3rd, Cole BJ, et al: Thermal chondroplasty with radiofrequency
energy. An in vitro comparison of bipolar and monopolar radiofrequency devices. Am J
Sports Med 29:42-49, 2001.

LuY, Edwards RB, 3rd, Nho S, et al: Thermal chondroplasty with bipolar and monopolar
radiofrequency energy: effect of treatment time on chondrocyte death and surface
contouring. Arthroscopy 18:779-788, 2002.

Horstman CL, McLaughlin RM: The use of radiofrequency energy during arthroscopic
surgery and its effects on intraarticular tissues. Vet Comp Orthop Traumatol 19:65-71,
2006.

Homandberg GA, Meyers R, Xie DL: Fibronectin fragments cause chondrolysis of bovine
articular cartilage slices in culture. J Biol Chem 267:3597-3604, 1992.

Aota Y, An HS, Homandberg G, et al: Differential effects of fibronectin fragment on
proteoglycan metabolism by intervertebral disc cells: a comparison with articular
chondrocytes. Spine 30:722-728, 2005.

Homandberg GA, Costa V, Wen C: Fibronectin fragments active in chondrocytic
chondrolysis can be chemically cross-linked to the alpha5 integrin receptor subunit.
Osteoarthritis Cartilage 10:938-949, 2002.

Homandberg GA, Hui F: Association of proteoglycan degradation with catabolic cytokine
and stromelysin release from cartilage cultured with fibronectin fragments. Arch
Biochem Biophys 334:325-331, 1996.

Homandberg GA, Hui F, Wen C: Fibronectin fragment mediated cartilage chondrolysis. II.
Reparative effects of anti-oxidants. Biochim Biophys Acta 1317:143-148, 1996.

Homandberg GA, Hui F, Wen C: Fibronectin fragment mediated cartilage chondrolysis. 1.
Suppression by anti-oxidants. Biochim Biophys Acta 1317:134-142, 1996.

Homandberg GA, Hui F, Wen C, et al: Hyaluronic acid suppresses fibronectin fragment
mediated cartilage chondrolysis: I. In vitro. Osteoarthritis Cartilage 5:309-319, 1997.

Homandberg GA, Hui F, Wen C, et al: Fibronectin-fragment-induced cartilage
chondrolysis is associated with release of catabolic cytokines. Biochem J 321 ( Pt 3):751-
757, 1997.

65



168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Homandberg GA, Wen C: Exposure of cartilage to a fibronectin fragment amplifies
catabolic processes while also enhancing anabolic processes to limit damage. J Orthop
Res 16:237-246, 1998.

Homandberg GA, Wen C, Hui F: Agents that block fibronectin fragment-mediated
cartilage damage also promote repair. Inflamm Res 46:467-471, 1997.

Homandberg GA, Wen C, Hui F: Cartilage damaging activities of fibronectin fragments
derived from cartilage and synovial fluid. Osteoarthritis Cartilage 6:231-244, 1998.

Matsukawa M, Fukuda K, Yamasaki K, et al: Enhancement of nitric oxide and
proteoglycan synthesis due to cyclic tensile strain loaded on chondrocytes attached to
fibronectin. Inflamm Res 53:239-244, 2004.

Loeser RF, Forsyth CB, Samarel AM, et al: Fibronectin fragment activation of proline-rich
tyrosine kinase PYK2 mediates integrin signals regulating collagenase-3 expression by
human chondrocytes through a protein kinase C-dependent pathway. J Biol Chem
278:24577-24585, 2003.

Knudson W, Casey B, Nishida Y, et al: Hyaluronan oligosaccharides perturb cartilage
matrix homeostasis and induce chondrocytic chondrolysis. Arthritis Rheum 43:1165-
1174, 2000.

Masuda K, Shirota H, Thonar EJ: Quantification of 35S-labeled proteoglycans complexed
to alcian blue by rapid filtration in multiwell plates. Anal Biochem 217:167-175, 1994.

Sanders TG, Zlatkin MB, Paruchuri NB, et al: Chondrolysis of the glenohumeral joint after
arthroscopy: findings on radiography and low-field-strength MRI. AJR Am J Roentgenol
188:1094-1098, 2007.

Karpie JC, Chu CR: Lidocaine exhibits dose- and time-dependent cytotoxic effects on
bovine articular chondrocytes in vitro. Am J Sports Med 35:1621-1627, 2007.

Scott DB, Lee A, Fagan D, et al: Acute toxicity of ropivacaine compared with that of
bupivacaine. Anesth Analg 69:563-569, 1989.

Knudsen K, Beckman Suurkula M, Blomberg S, et al: Central nervous and cardiovascular
effects of i.v. infusions of ropivacaine, bupivacaine and placebo in volunteers. Br J
Anaesth 78:507-514, 1997.

Convery PN, Milligan KR, Quinn P, et al: Efficacy and uptake of ropivacaine and
bupivacaine after single intra-articular injection in the knee joint. Br J Anaesth 87:570-
576, 2001.

Samoladas EP, Chalidis B, Fotiadis H, et al: The intra-articular use of ropivacaine for the
control of post knee arthroscopy pain. J Orthop Surg 1:17, 2006.

Marret E, Gentili M, Bonnet MP, et al: Intra-articular ropivacaine 0.75% and bupivacaine
0.50% for analgesia after arthroscopic knee surgery: a randomized prospective study.
Arthroscopy 21:313-316, 2005.

Brakenhoff GJ, van der Voort HT, van Spronsen EA, et al: Three-dimensional imaging in
fluorescence by confocal scanning microscopy. J Microsc 153:151-159, 1989.

66



183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

Rayan V, Thonar EJ, Chen LM, et al: Regional differences in the rise in blood levels of
antigenic keratan sulfate and hyaluronan after chymopapain induced knee joint injury. J
Rheumatol 25:521-526, 1998.

Chiang N, Schwab JM, Fredman G, et al: Anesthetics impact the resolution of
inflammation. PLoS ONE 3:e1879, 2008.

Hashimoto S, Takahashi K, Amiel D, et al: Chondrocyte apoptosis and nitric oxide
production during experimentally induced osteoarthritis. Arthritis Rheum 41:1266-1274,
1998.

Kim HA, Lee YJ, Seong SC, et al: Apoptotic chondrocyte death in human osteoarthritis. J
Rheumatol 27:455-462, 2000.

Blanco FJ, Guitian R, Vazquez-Martul E, et al: Osteoarthritis chondrocytes die by
apoptosis. A possible pathway for osteoarthritis pathology. Arthritis Rheum 41:284-289,
1998.

Grogan SP, Aklin B, Frenz M, et al: In vitro model for the study of necrosis and apoptosis
in native cartilage. J Pathol 198:5-13, 2002.

D'Lima DD, Kuhn K, Lotz MK: Detection of apoptosis in cartilage in situ and in isolated
chondrocytes. Methods Mol Med 100:275-290, 2004.

Garlid KD, Nakashima RA: Studies on the mechanism of uncoupling by amine local
anesthetics. Evidence for mitochondrial proton transport mediated by lipophilic ion pairs.
J Biol Chem 258:7974-7980, 1983.

Irwin W, Fontaine E, Agnolucci L, et al: Bupivacaine myotoxicity is mediated by
mitochondria. J Biol Chem 277:12221-12227, 2002.

Ohlendorf C, Tomford WW, Mankin HJ: Chondrocyte survival in cryopreserved
osteochondral articular cartilage. J Orthop Res 14:413-416, 1996.

Imbert D, Cullander C: Assessment of cornea viability by confocal laser scanning
microscopy and MTT assay. Cornea 16:666-674, 1997.

Decherchi P, Cochard P, Gauthier P: Dual staining assessment of Schwann cell viability
within whole peripheral nerves using calcein-AM and ethidium homodimer. J Neurosci
Methods 71:205-213, 1997.

Dumont J, Ionescu M, Reiner A, et al: Mature full-thickness articular cartilage explants
attached to bone are physiologically stable over long-term culture in serum-free media.
Connect Tissue Res 40:259-272, 1999.

Buckwalter JA, Mankin HJ: Articular Cartilage, Part II: Degeneration and osteoarthritis,
repair, regeneration, and transplantation. J Bone Joint Surg 79A:612-632, 1997.

Paatsama S, Rokkanen P, Jussila J, et al: A study of osteochondritis dissecans of the canine
humeral head using histological, OTC bone labelling, microradiographic and
microangiographic methods. J Small Anim Pract 12:603-611, 1971.

Guilak F, Ratcliffe A, Lane N, et al: Mechanical and biochemical changes in the superficial
zone of articular cartilage in canine experimental osteoarthritis. J Orthop Res 12:474-484,
1994.

67



199. Furman BD, Olson SA, Guilak F: The development of posttraumatic arthritis after articular
fracture. J Orthop Trauma 20:719-725, 2006.

200. Roy RG, Wallace LJ, Johnston GR, et al: A retrospective evaluation of stifle osteoarthritis
in dogs with bilateral medial patellar luxation and unilateral surgical repair. Vet Surg
21:475-479, 1992.

68



APPENDIX I: PHASE 1 RAW METHYLENE BLUE PENETRATION DATA

MB Penetration (um)

Weight Time Total
Specimen Dog (kg) Surface Solution (min) Top Right Left Depth
A-33 A3 19.8 SI CCCM 30 72 F F 72
A-34 A3 19.8 SI CCCM 30 65 F F 65
A-37 A3 19.8 SI B 30 58 50 44 69
A-38 A3 19.8 SI B 30 57 55 56 64
A-39 A3 19.8 SI BP 30 25 45 52 51
A-40 A3 19.8 SI BP 30 56 65 55 58
A-41 A3 19.8 SR CCCM 30 60 61 52 67
A-42 A3 19.8 SR CCCM 30 64 48 55 78
A-45 A3 19.8 SR B 30 35 30 27 55
A-46 A3 19.8 SR B 30 56 F F 56
A-47 A3 19.8 SR BP 30 43 62 40 59
A-48 A3 19.8 SR BP 30 48 F F 48
A-49 A4 16.5 SI CCCM 30 72 F F 72
A-50 A4 16.5 SI CCCM 30 56 F F 56
A-53 A4 16.5 SI B 30 42 F F 42
A-54 A4 16.5 SI B 30 34 40 40 40
A-55 A4 16.5 SI BP 30 37 F F 37
A-56 A4 16.5 SI BP 30 36 F F 36
A-57 A4 16.5 SR CCCM 30 60 F F 60
A-58 A4 16.5 SR CCCM 30 55 F F 55
A-61 A4 16.5 SR B 30 46 F F 46
A-62 A4 16.5 SR B 30 35 F F 35
A-63 A4 16.5 SR BP 30 55 50 70 63
A-64 A4 16.5 SR BP 30 34 F F 34
A-65 AS 14.8 SI CCCM 30 40 42 35 64
A-66 AS 14.8 SI CCCM 30 50 50 25 70
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SI (Surface Intact); SR (Surface Removed); CCCM (Canine Chondrocyte Culture Medium);

B (0.5% Bupivacaine); BP (0.5% Bupivacaine with Preservative)
F: indicates that there was full penetration across the width of the core
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APPENDIX II: PHASE 2 RAW CHONDROCYTE DEATH DATA

Specimen Image Zone Live Dead % Death
B001 B001_Series10_z000.tif 1 37 42 53.0
B001 B001_Series10_z000.tif 2 28 3 10.5
B001 B001_Series10_z000.tif 3 5 0 0.0
B002 B002_B002_z001.tif 1 162 87 35.1
B002 B002 _B002_z001.tif 2 115 28 19.7
B002 B002_B002_z001.tif 3 35 3 8.6
B003 B003_B003_z001.tif 1 53 201 79.0
B003 B003_B003_z001.tif 2 180 61 253
B003 B003_B003_z001.tif 3 53 3 59
B004 B004_B004 z002.tif 1 143 38 21.0
B004 B004_B004 z002.tif 2 127 16 11.2
B004 B004_B004 z002.tif 3 106 16 13.1
B00S5 B005_B005_z001.tif 1 93 97 51.1
B005 B005_B005_z001.tif 2 111 50 31.1
B005 B005_B005_z001.tif 3 97 43 30.7
B006 B006_B006_z000.tif 1 21 29 58.0
B006 B006_B006_z000.tif 2 127 4 3.1
B006 B006_B006_z000.tif 3 67 0 0.0
B007 B007_B004 z002.tif 1 108 97 473
B007 B007_B004 z002.tif 2 153 25 14.0
B007 B007_B004 z002.tif 3 157 32 16.9
B00S8 B008 B008_z001.tif 1 33 50 60.2
B00S8 B008 B008_z001.tif 2 103 28 21.4
B00S8 B008 _B008_z001.tif 3 86 3 34
B009 B009_B009 z003.tif 1 31 92 74.8
B009 B009_B009 z003.tif 2 126 50 28.4
B009 B009_B009 z003.tif 3 73 12 14.1
B010 B010_B010_z000.tif 1 98 89 47.6
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B001
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B003
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B028

Dog
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APPENDIX III: PHASE 2 RAW pH DATA

Surface

SI

SI

SI
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SI

SI

SI

SR

SR

SR

SR

SR

SR

SR

SR

SR

SI

SI

SI

SI

SI

SI

SI

SI

SI

SR

Treatment

CCCM 5 min.

CCCM 15 min.

CCCM 30 min.

B 5 min.

B 15 min.

B 30 min.

BP 5 min.

BP 15 min.

BP 30 min.

CCCM 5 min.

CCCM 15 min.

CCCM 30 min.

B 5 min.

B 15 min.

B 30 min.

BP 5 min.

BP 15 min.

BP 30 min.

CCCM 5 min.

CCCM 15 min.

CCCM 30 min.

B 5 min.

B 15 min.

B 30 min.

BP 5 min.

BP 15 min.

BP 30 min.

CCCM 5 min.
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pH: initial
7.49
7.49
7.49
5.49
5.49
5.49
5.45
5.45
5.45
7.49
7.49
7.49
5.49
5.49
5.49
5.45
5.45
5.45
7.54
7.54
7.54
5.41
5.41
5.41
5.39
5.39
5.39

7.54

pH: end
7.47
7.46
7.67
6.14
6.18
6.48
5.96
6.10
6.23
7.47
7.46
7.67
6.14
6.18
6.48
5.96
6.10
6.23
7.57
7.58
7.65
6.28
6.43
6.60
6.13
6.24
6.35

7.57
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CCCM 30 min.

B 5 min.

B 15 min.

B 30 min.

BP 5 min.

BP 15 min.

BP 30 min.

CCCM 5 min.

CCCM 15 min.

CCCM 30 min.

B 5 min.

B 15 min.

B 30 min.

BP 5 min.

BP 15 min.

BP 30 min.

CCCM 5 min.

CCCM 15 min.

CCCM 30 min.

B 5 min.

B 15 min.

B 30 min.

BP 5 min.
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CCCM 5 min.

CCCM 15 min.
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BP 5 min.
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BP 15 min.

BP 30 min.

CCCM 5 min.

CCCM 15 min.

CCCM 30 min.

B 5 min.

B 15 min.

B 30 min.

BP 5 min.

BP 15 min.

BP 30 min.

CCCM 5 min.

CCCM 15 min.

CCCM 30 min.

B 5 min.

B 15 min.

B 30 min.

BP 5 min.

BP 15 min.

BP 30 min.

CCCM 5 min.

CCCM 15 min.

CCCM 30 min.

B 5 min.

B 15 min.

B 30 min.

BP 5 min.

BP 15 min.

BP 30 min.

CCCM 5 min.
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5.36

5.36
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5.67

5.67
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5.66
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7.91
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6.11

6.11
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7.91

6.14

6.21

8.04

8.03
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6.32

8.04

8.03

8.10

6.73
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SI

CCCM 15 min.
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B 5 min.

B 15 min.

B 30 min.
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CCCM 15 min.
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B 5 min.
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B 30 min.

BP 5 min.
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B 5 min.
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7.91

6.11

6.11

6.11

5.66

5.66

5.66

7.47

7.47

7.47
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5.85
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7.68

7.68
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6.32

6.32

6.32

5.92
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7.47

7.47

7.47

6.30

8.26

8.29

6.17

6.53

6.35

6.04

6.31

6.33

7.72

7.68

7.69

6.58

6.53

6.56

6.18

6.22

6.46

7.77

7.81

7.78

6.49
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6.37
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B149
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B151
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B153

B154

B155

B156

B157

B158

B159

B160

Bl161

B162

B163

B164

B165
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B168
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B174

B175

B176

B177

B178

SI
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SI

SI

SI

SR

SR

SR

SR

SR

SR

SR

SR

SR

SI

SI

SI

SI

SI

SI

SI

SI

SI

SR

SR

SR

SR

SR

SR

SR

B 15 min.

B 30 min.

BP 5 min.

BP 15 min.

BP 30 min.

CCCM 5 min.

CCCM 15 min.

CCCM 30 min.

B 5 min.

B 15 min.

B 30 min.

BP 5 min.

BP 15 min.

BP 30 min.

CCCM 5 min.

CCCM 15 min.

CCCM 30 min.

B 5 min.

B 15 min.

B 30 min.

BP 5 min.

BP 15 min.

BP 30 min.

CCCM 5 min.

CCCM 15 min.

CCCM 30 min.

B 5 min.

B 15 min.

B 30 min.

BP 5 min.
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6.53

6.56

6.18

6.22

6.46

7.87

8.02

8.00

6.48

6.65

6.48

6.14

6.30

6.42

7.77

7.81

7.78

6.49

6.65

6.68

6.26

6.37

6.40

7.87

8.02

8.00

6.48

6.65

6.48

6.14



B179 10 SR BP 15 min. 5.90

B180 10 SR BP 30 min. 5.90

SI (Surface Intact); SR (Surface Removed)
CCCM (Canine Chondrocyte Culture Medium);
B (0.5% Bupivacaine); BP (0.5% Bupivacaine with Preservative)
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6.42
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