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ABSTRACT 

One indicator of joint degeneration may be chondrocyte viability. The relationship 

between articular cartilage loading and chondrocyte viability has historically been 

determined using articular cartilage explants that are loaded in-vitro. In these tests, large 

amounts of cell death have been measured for peak loading values that are well within 

the normal physiological range. However, it seems unlikely that in an intact joint, 

everyday loading would cause substantial cell death. Therefore, the purpose of this study 

was to investigate the relationships between controlled in-vivo physiological loading, in-

vivo impact loading, and cell viability. 

Cell death observed following the muscle-induced loadings was the same for all three loading 

protocols, and was the same compared to the unloaded controls. The impact loading group 

showed a significant increase in cell death for both the patella and femoral groove when 

compared to matched controls (p<O.05). These findings indicate that maximal muscular 

loading of the in-vivo joint does not cause chondrocyte death, whereas non-physiological 

impact loading causes cell death. 
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EPIGRAPH 

The most beautiful thing we can experience is the mysterious. It is 

the source of all true art and all science. He to whom this emotion 

is a stranger, who can no longer pause to wonder and stand rapt 

in awe, is as good as dead: his eyes are closed. 

-Albert Einstein 

Xi 
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CHAPTER 1: INTRODUCTION 

Articular cartilage is one of the most amazing materials created by Nature. It functions 

to support and distribute forces developed between bones of an articular joint, and to 

provide a virtually frictionless surface to maintain function and prevent wear or 

degradation of the joint.' Cartilage is often considered a biphasic material, having a 

fluid and a solid phase. The fluid phase accounts for 65-80% of the total wet weight of 

cartilage (in humans), and consists of water with dissolved gas, small proteins, and 

metabolites .2 The solid phase comprises the remaining 20-35% of the wet weight, and 

is made up of chondrocytes (cartilage cells) and an extracellular matrix (ECM) (Figure 

1.1).7 Chondrocytes typically account for around 2-10% of the total cartilage volume.3 

This small number of cells is responsible for the synthesis, maintenance and slow 

turnover of the ECM.3 The ECM is made up of collagen fibers (mainly Type II), and 

proteoglycans (PG's) (Figure 1.1). These structural molecules maintain and direct 

tissue fluid flow thorough the ECM.3 This is essential for maintaining the material 

properties of cartilage, and allowing the transfer of nutrients and metabolites to and 

from the chondrocytes.3 

Cartilage is a non-homogeneous material comprised of four distinct zones when viewed 

in a vertical section (Figure 1.2). Zone 1, known as the superficial zones has the highest 

collagen and water content, and the collagen fibers are oriented parallel to the articular 

surface.2 The chondrocytes in this zone are flat in appearance. Zone 2, or the 

middle/transitional zone, has a more random arrangement of collagen fibers and the 

chondrocytes are rounder, larger and more biosynthetically active than the 
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Figure 1.1 Location and structure of Cartilage (Mow et al., 1992). 
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Figure 1.2 Schematic representation of the 4 zones of cartilage tissue (Mow et al., 1992) 
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chondrocytes in the superficial zone.3 This zone also has the highest PG content of all 

the zones.2 Zone 3, or the deep/radial zone, contains the largest diameter collagen fibers 

which are arranged perpendicular to the underlying subchondral bone. It also has a high 

PG content and a relatively low water content.2 Zone 4, or the calcified zone, serves as 

the interface between the articular cartilage and the underlying subchondral bone.3 Here, 

as the name implies, the cartilage is calcified and has a low PG content.2 

Under normal conditions, cartilage functions without sustaining much wear or damage 

during a human's life span.' However, if cartilage failure occurs it can lead to wear of 

the joint surfaces, with associated pain and potential loss of joint function.2 Articular 

cartilage has a very limited ability to repair itself due to its avascular, aneural, and 

alymphatic nature. Osteoarthritis is the most common outcome of articular cartilage 

degeneration in a joint. In the United States alone over twenty percent of the total 

population is at risk for developing osteoarthritis.4 Eighty percent of North Americans 

over the age of 75 show symptoms of osteoarthritis, and with an annual treatment cost in 

the billions, arthritis is one of the most expensive and debilitating diseases in North 

America,4 The number of people with arthritis, and the costs associated with treating 

them, are expected to increase as the overall population ages. For these reasons cartilage 

research continues to be a major area of focus despite great advances in knowledge over 

the past quarter century. 
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1.2 Overview of Thesis 

The thesis continues with a review of the relevant literature in chapter 2, aimed at 

presenting selected work related to loading of articular cartilage, cell death, and adaptive 

and degenerative changes of articular cartilage due to loading. Chapter 3 contains the 

experimental approach, results, and discussion of this thesis, which was aimed at 

investigating the effect of in-vivo, muscular, and impact loading of a fully intact joint on 

articular cartilage chondrocyte death. 
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CHAPTER 2: REVIEW OF RELEVANT LITERATURE 

2.1 In-Vivo Loading 

2.11 Exercise and Immobilization 

Articular cartilage is subject to loading during daily activities. Variation of the type and 

level of loading of articular cartilage causes different adaptive (beneficial changes) or 

degenerative (detrimental changes) responses. For these reasons, many investigators have 

used an in-vivo model to explore the effects of different levels of exercise, or loading 

situations, on the integrity of articular cartilage. 

Jurvelin et al.5 studied the influence of an 8-week knee joint immobilization and running 

training program on the articular cartilage of the rabbit patella and lateral condyle of the 

tibia. Rabbits were randomly arranged into three different groups (N23), group 1 had 

the right knee joint immobilized in extension with a plastic splint, group 2 was made to 

run on a level, motor-driven treadmill for 12-24 minutes twice a day, five days a week, 

and group 3 served as normal (not immobilized, no running) controls. The articular 

surfaces were examined using stereomicroscopy and scanning electron microscopy. For 

both methods of analysis, a semiquantitative visual analysis was performed. Using 

stereomicroscopy, they found little difference between the control groups articular 

surfaces and the running animals during the 8-week observation period.5 Slight changes 

were found using scanning electron microscopy in the form of an increase in the striated 

surface quality at 1 and 2 weeks.5 For the immobilization group it was found that a 1-

week period was enough to generate significant changes which were evident during both 
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stereomicroscopic and scanning electron microscopy.5 Alterations in articular surface 

smoothness were the most evident with 39, 51, 47, and 31 percent difference compared 

to controls at 1, 2, 4, and 8 weeks, respectively.5 The results of this study were novel, 

but the loads applied to the animal's joints during the running and immobilization 

protocol were not measured. Also, because all analysis was done visually, no 

quantitative evidence was gathered on the biomechanical properties of the cartilage after 

the running and immobilization protocols. The immobilization results were very 

interesting, as they showed that periods of disuse may be more damaging than the 

exercise protocol. It would have been interesting to see if the changes in surface 

appearance recovered back to normal once the immobilization period was ended and the 

animals were allowed to resume normal movement. This question was addressed by 

Palmoski and Brandt6. 

In this classic study, Palmoski and Brandt6 investigated the effects of running on the 

atrophic changes in canine knee cartilage after a period of joint immobility. The right 

hind limb of seven adult dogs was immobilized in a plaster cast for a six week period. 

Contralateral hind limbs were used as controls. Two animals were sacrificed immediately 

after the six week immobilization, while the remaining five were sacrificed three weeks 

after the cast was removed. During this three week period, two of the animals were 

allowed to walk at will, while the remaining three underwent daily treadmill training (6 

miles/day at 3 mph). Immediately upon sacrifice, the cartilage from the distal femur of 

the right and left hind limbs was used for histological and histochemical experiments. 

First, gross observations were made of the cartilage surfaces in all the joints. It was 

found that there was no apparent difference in the appearance of cartilage from any of the 
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experimental groups.6 For histological examination, a sample of cartilage (including 

subchondral bone) was harvested from the medial femoral condyle of each joint.6 These 

samples were then sectioned (6.tm) and examined after staining with Safranin 0/fast 

green.6 Safranin 0 is a glycosaminoglycan (GAG) stain. It is used to measure matrix 

integrity (i.e. increased staining equals more GAG, decreased staining equals less GAG). 

For the animals sacrificed after the 6 week immobilization period (animal 1 and 2), a 

significant reduction in Safranin 0 staining was evident in cartilage from the immobilized 

knee.6 This was accompanied by a reduction in cartilage depth of these two animals of 

25 and 33 % when compared to controls.6 Cartilage from the immobilized knee of the 

dogs that were allowed to walk freely for 3 weeks post immobilization (animal 3 and 4) 

stained normally with Safranin 0, and was of normal thickness (compared to controls).6 

Cartilage from the immobilized knee of the animals that underwent 3 weeks of treadmill 

training (animals 5, 6, and 7) showed moderate to significant reduction in Safranin 0 

staining, and was 20 % thinner than control cartilage.6 Uronic acid content and water 

content were also determined for samples from all joints.6 It was found that for the six 

week immobilized dogs, water content was 9 and 6 % greater in cartilage from the 

immobilized knee compared to contralateral controls.6 For the same group, immobilized 

knee cartilage uronic acid content was found to be 20 % less than that of controls.6 For 

the two animals that were allowed to move freely after immobilization, water and uronic 

acid contents were almost identical to those of controls.6 However, the water content of 

the immobilized knee of the treadmill trained dogs remained elevated above control 

levels by an average of 53 %6 The uronic acid content of the immobilized knee of this 

group was decreased by an average of 31 %6 The results of this study support those 
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found in the previously presented study by Jurvelin et al (1985), in that immobilization 

of a joint causes a degeneration in articular cartilage. However, here it was demonstrated 

that immobilized cartilage can recover to normal conditions after three weeks of normal 

loading. The treadmill training protocol used here, seems to have had an inhibitory, and 

possibly damaging effect on the recovery of cartilage after immobilization. This 

information could be clinically helpful, in the sense that recovery programs for people 

with extended periods of joint immobilization due to casting, possibly should not include 

strenuous exercise for at least the first three weeks post immobilization. The sample size 

used in this study was very small. Further investigation of the protocols used here would 

add weight to the results shown. It would also be interesting to try and ascertain at what 

level exercise post immobilization becomes inhibitory to recovery. A study using 

varying degrees of exercise could be used to address this question. 

Murray et al .7, completed a study examining the influence of a 19-week high or low 

intensity treadmill training program on equine (12 horses, 19 ± 0.9 years) carpal articular 

cartilage. The high intensity group had a progressive high-intensity training three times a 

week on a high speed treadmill set at a 3% incline. The intensity increased as the training 

period progressed, in order to simulate race training. Six days a week, the high intensity 

horses were also walked for 20 minutes in each direction (clockwise and 

counterclockwise) on a mechanical horse-walker. On days without treadmill exercise, 

the high intensity horses were trotted for 10 min in each direction on the same 

mechanical walker. The low intensity group was walked for 20 min in each direction on 

the mechanical walker on a daily basis. The middle carpal joint (MCJ) of the left carpi of 

each animal was used for cartilage analysis. The MCJ was divided into eight test sights: 
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Dorsal radial carpal, palmar radial carpal, dorsal intermediate carpal, palmar intermediate 

carpal, dorsal third carpal medial facet, palmar third carpal medial facet, dorsal third 

carpal lateral facet, and palmar third carpal lateral facet.7 Assays were performed for 

collagen content, glycosaminoglycan content and DNA content of the cartilage from each 

test site.7 For both exercise groups, overall there were no significant effects on collagen 

content.7 There was, however, significantly less collagen in the high intensity group at 

the dorsal radial and dorsal medial third carpal sites.7 These sites are predisposed to 

clinical lesions.7 It was found that cartilage from the high intensity horses had 

significantly higher glycosaminoglycan (GAG) content than cartilage from the low 

intensity group.7 This increased content was greatest when dorsal sites were compared. 

At these sites, it was seen that the high intensity group had 12% more GAG than cartilage 

from the low intensity group.7 Again, as with collagen content, the greatest effect was 

seen at sites predisposed to clinical lesions. No exercise effects were observed for DNA 

content.7 These results indicate that different locations respond differently to the same 

exercise regime, with the maximum effects being seen at sites with a high clinical 

incidence of lesions.7 This could be due to a difference in load bearing at these sites.7 As 

in the previously discussed study, the mechanical loading of the joint during the exercise 

protocols was not quantified. The increase in GAG content of the cartilage from the high 

intensity group may represent an attempt of the cartilage to adapt to the increased 

loading. Glycosaminoglycan is primarily responsible for cartilage load bearing 

characteristics because of its high negative charge.2 This negative charge gives rise to an 

osmotic swelling pressure, and electrostatic repulsion.2 Increasing GAG content will 

cause an increase in swelling pressure, which will help withstand increased loads.2 The 
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decrease in collagen at sites predisposed to lesions, indicates that cartilage may have 

begun to degrade at these locations. Knowing the joint loads (e.g. the contact pressures) 

may have been helpful in fully understanding the effects of the different training regimes 

on the examined cartilage. 

A slightly different way of looking at the effect of different loading protocols on intact 

joints was used by Radin et al.8. Here, instead of using immobilization or increased 

exercise to change the loading pattern of a joint, animals were walked on surfaces of 

different hardness. Eight female adult sheep were walked in a circular chute with a 

concrete floor for 4 hours a day, while 4 control sheep were walked in a similar chute 

with a floor made of wood chips, also for 4 hours a day.8 Also, the experimental animals 

were pastured on asphalt, while control animals were pastured in a grassy field.8 After a 

nine month period, it was noticed that all the sheep walking on concrete had a limp, 

which remained for the duration of the experiment.8 At this time, four experimental and 

two control animals were sacrificed and their joints were examined. No gross or 

histological differences were found between the wrist, elbows, shoulders, hips, knees or 

ankles of the experimental animals, compared to controls.8 The remaining four 

experimental and 2 control animals were sacrificed after two and a half years. At this 

time, again the joints were examined grossly and histologically. The only joint that 

showed any difference between experimental and control animals was the knee, where a 

slight fibrillation of the joint surface was found.8 Two cartilage samples approximately 

0.25 cm2 were taken from the central medial and lateral femoral condyles of both 

experimental and control animals, from areas which contacted in the stance phase with 

the central tibial plateaus.8 Two similar samples were attained from the anterior aspects 
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of the femoral condyles, from non-weight bearing areas.8 These weight bearing and non-

weight bearing samples from both experimental and control animals, were then examined 

for hexosamine content. Loss of hexosamine is an indication of depletion of 

glycosaminoglycan (GAG) from the extra cellular matrix. The experimental animals 

showed significant decreases in hexosamine content in both the load bearing and non-

load bearing samples when compared to controls.8 The load bearing samples showed the 

greatest loss of hexosamine.8 The underlying trabecular bone was also examined in the 

knee joint. The most obvious change was the appearance of a more longitudinally 

oriented trabecular structure in the experimental animals (hard surface), which may have 

developed to cope with the increased contact loads between the tibia and femur.8 There 

was also a large resorption of trabecular structure, which had been perpendicular to the 

patellofemoral surface.8 The results show that changes in the articular cartilage and 

underlying bone have started to occur in the animals that were walked on concrete after 

two and a half years. However, none of the overt pathological changes known to 

accompany osteoarthritis were evident. This suggests that merely walking on a concrete 

surface for 4 hours a day is not traumatic enough to cause the development of 

osteoarthritis in sheep over the period of time used in this study. It would be interesting 

to see if a longer period under the same conditions would cause increased changes in the 

articular cartilage and underlying bone, or the development of osteoarthritis. Also, the 

sample size used in this study was small. Increased sample size may show trends that 

were not evident with the numbers used here. If the investigators truly wanted to 

ascertain whether walking on concrete has a detrimental effect on the articular surface of 

joints, then they should have used the different walking surfaces as the only difference 
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between experimental and control animals. Since the experimental (concrete walking) 

animals were pastured on asphalt, the question arises, of whether or not the time spent on 

the asphalt surface produced the observed effects, or was it the walking on the concrete 

surface. 

In another study, Radin et al.9 investigated the effects of mechanical loading on the knee 

joint of rabbits. The rabbits were placed in a tray with leg cut outs, so that the legs could 

hang through. The tray was supported by a spring to counter balance the rabbit's 

weight.9 The mechanical loading involved placing the right hind leg and foot in a molded 

short leg splint attached to a cam follower.9 As the cam was rotated, the animals leg and 

foot moved upwards.9 The leg splint restricted ankle flexion, limiting force dissipation 

through knee extensor contraction. The knee joint was loaded by the inertia of the tray 

and the rabbit's body.9 The left hind limb (control) was splinted in the same way, but 

was not loaded.9 The loading was applied over a 50 ms interval, at 60 cycles/mm, for 40 

min in duration, five days per week.9 The animals underwent the loading protocol for 

periods of 1, 2 and 3 days and I, 3, and 6 weeks. Animals were sacrificed 1 day after the 

last loading bout. Cartilage from the left and right tibias was examined for gross 

histological differences. Samples of cartilage were also taken and sectioned into 7 jim 

slices to look at staining with toluidine blue (shows general morphological and 

metachromatic alterations), and Von Kossa's stain (shows calcium pyrophosphate 

deposition, a cell death indicator).9 After 3 weeks of loading, 75 % of rabbits showed 

more fibrillated cartilage from the experimental tibia compared to the contralateral 

controls.9 This fibrillation was mainly found in the middle and deep zones of the 

cartilage, rather than in the superficial zone.9 Fibrillation was often accompanied by 
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horizontal splitting at the tide mark.9 In several cases, fissuring of the extra cellular 

matrix occurred through the full thickness of cartilage from experimental tibias, after 3 

and 6 weeks loading.9 The increased fibrillation in the experimental tibial cartilage after 

3 weeks of loading was associated with a significant increase in calcium deposition, often 

lining fissures within the matrix, which is indicative of cell death.9 After 6 weeks of 

loading, further degradation of the tibial cartilage of the experimental limb was 

demonstrated, by a significant increase in the number of intra-cartilaginous cysts 

compared to controls. Cartilage samples from weight bearing areas of the medial tibial 

condyle of both experimental and control limbs were also analyzed for proteoglycan 

metabolism using S sulfate incorporation in the cartilage proteoglycans. No significant 

differences between experimental and control cartilage were found in relation to sulfate 

incorporation. As in the previously described studies, increased exercise or loading of a 

joint causes alterations of the articular cartilage. 5-8 The loading protocol used in this 

study was sufficiently damaging to cause alterations to the cartilage appearance, but was 

not damaging enough to cause changes in proteoglycan metabolism. Possibly, a longer 

period than 6 weeks is needed to cause biochemical changes to occur in response to this 

loading. It would also have been interesting to incorporate a joint pressure group into 

this study. Using Fuji pressure sensitive film, a separate group would have allowed for 

the determination of the joint pressures attained during the loading procedure. 

2.12 Impact Loading 

In several studies, the relationship between impact loading and the onset of osteoarthritis 

has been explored. It has been shown that blunt impact results in a significant weakening 
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of the loaded cartilage. 10"1 A classic study in this area was performed by Haut et al.'2 In 

this study, the intact patellofemoral joint of thirty six Flemish Giant rabbits was 

subjected to a single mechanically induced impact load of 0.9, 4.2, and 6.3 J (12 rabbits 

per group). The times to peak energy were 1.65, 2.3 1, and 2.67 ms for the 0.9, 4.2, and 

6.3 J impacts, respectively. The impact was generated using an impact loader that 

allowed increases in height and weight to generate the desired impact energy. The 

articular cartilage was analyzed for signs of damage at 3, 6, and 14 days post impact The 

average contact pressures generated on the lateral facet were approximately 22 MPa in 

the 6.3 J insults, 18 MPa in the 4.2 J insults, and 13 MPa in the 0.9 J insults. 12 The 

pressures were approximately 6 MPa less on the medial facet at each severity of insult 

(p<0.05). 12 Pressure measurements were made through the insertion of Fuji prescale 

pressure sensitive film into the joints prior to the impacts. It was found that impacts 

resulted in surface fissures on the patellar cartilage in 3 of 12 low energy impacts, 7 of 12 

medium energy impacts, and 8 of 12 high energy impacts.'2 All data from the 

traumatized cartilage were grouped for analysis of unrelaxed (measured after 50 ms of 

load) and relaxed modulus (measured after 100 s of load), as no differences between 

impacted and control cartilage could be associated with impact severity, or post —impact 

time. The center line, or proximal lateral patellar facet (within twice the indentor radius 

from fissures), and the lateral rim of the facet (approximately the same proximal 

location), were the sites chosen for mechanical testing. Compared with controls, the 

unrelaxed shear modulus of traumatized cartilage was approximately 3 (center line) and 8 

(lateral rim) percent less. The relaxed modulus for traumatized cartilage was found to be 

36 and 27 percent less than contralateral controls at the centerline and rim locations 
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respectively. 12 The data for samples where fissuring occurred was compared to where no 

fissuring was found. 12 At the center line and rim locations, fissured samples showed 

relaxed moduli that were lower by 25 and 18 percent than non-fissured cartilage. 12 

Examination of retro-patellar cartilage showed the presence of surface fissures for all 

three loading levels. The researchers showed that two of three samples in the low energy 

group that showed fissuring had contact pressures generated (Fuji film) on the lateral 

facet that were much higher than expected. 12 Also, three of the four samples from the 

high energy group that showed no fissuring, experienced contact pressures (Fuji film) on 

the lateral facet that were significantly lower than in the remainder of the group. 12 Taken 

together, these findings show that as impact load increases, so does disruption in surface 

integrity of retropatellar cartilage. The Fuji film results show that different locations 

within the patellofemoral joint of the rabbit undergo different levels of loading when 

subjected to a single impact load. With respect to impact loading, one would assume that 

cartilage from the lateral facet would degenerate more because of its increased load 

bearing. It was also shown that impacted cartilage is less stiff when exposed to loads that 

produced fissures. There was no significant difference between loading levels and 

mechanical properties of the cartilage. It is possible that a longer period of time than the 

two weeks used in this study is needed to fully show the effects of different impact loads 

on cartilage integrity. The main drawback of this study was the introduction of Fuji film 

into the joints of the loading groups. This was done to directly measure impact pressures. 

However, this calls into question whether the results shown were influenced by the 

inflammatory response that may have occurred due to the joint capsule being 

compromised. A synovial inflammatory response to surgical intervention has been 



16 

shown to cause a short term loss of surface proteoglycans.'2 This study was very 

mechanically oriented, and did not fully study the biological significance of the impact 

loading. A similar study with non compromised joint capsules would allow for biological 

measurements to be done. It is possible that having an uncompromised joint may result 

in different findings than were seen by Haut et al. 12 

In an additional in-vivo impact study, Ewers et al. 13 examined the effects of impact loads 

on the retro-patellar cartilage of forty nine mature Flemish giant rabbits through a period 

of 36 months post trauma. The impact load was delivered by dropping a 1.33 kg mass 

with a flat 25 min diameter aluminum impact surface from 0.46 in onto the right patella. 13 

After a five day recovery period, the animals were exercised for 10 minutes, five days a 

week on a treadmill running at 0.3 mph, until euthathzation.'3 Eight animals were 

sacrificed at each of the following times: 0, 4.5, 7.5, 12, and 36 months post impact. 

Nine animals were sacrificed 24 months post impact. Patellae were immediately excised 

and immersed in a room temperature phosphate buffered saline solution for mechanical 

indentation tests. 13 Indentation tests were performed first using a 1mm diameter flat, 

non-porous probe, and then a 1.5 mm probe (same location after a 5 minute recovery 

period). 13 The probes were indented 0.1mm into the cartilage in 30 ms and held for 150s. 

The indentor was replaced with a needle which was used to measure cartilage thickness. 

These procedures were performed at two locations on the lateral facet of the patella 

adjacent to surface lesions. 13 The compressive modulus of impacted retro-patellar 

cartilage decreased by 30% at 4.5 months post impact when compared to contralateral 

controls, and remained at this level through to 36 months. 13 Fluid permeability increased 

over time when compared to baseline and contralateral controls. 13 Cartilage thickness of 
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the impacted limb increased slightly at 4.5 months and then decreased over time to 45 % 

below the baseline at 36 months. 13 At time 0, there were no significant differences in 

mechanical parameters compared to controls. 13 After mechanical testing, the patellae 

were stained with India ink to highlight surface lesions. Impacted patellae were found to 

have significantly greater fissure lengths when compared to contralateral controls.'3 No 

time dependent changes were found in the total length of surface fissures, when 

comparing retro patellar impacted cartilage to control. 13 At 36 months, three of eight 

impacted patellae had osteophytes on the medial or lateral sides. 13 Sections were then cut 

and stained with Safranin 0/Fast Green and the degree of cartilage matrix damage was 

assessed.'3 Surface fissures on impacted cartilage were found at all time points.'3 

Average fissure depth and the number of fissures on impacted cartilage increased 

significantly compared to contralateral controls at 4.5 7.5, 12, 24, and 36 months.'3 The 

results of this study showed that for the impact load used, a degeneration of retro-patellar 

cartilage occurs over the 36 month observation period. The decrease in stiffness seen by 

4.5 months shows a systematic softening of the cartilage because of impact and post-

impact degradation. By 36 months, evidence of the onset of osteoarthritis is shown by 

the formation of osteophytes. The animals in this study were exercised five days a week 

for a period of 10 minutes. It would be interesting to carry out a study where they were 

only allowed to move about in their cages. Would this decrease in activity be more 

damaging to the cartilage or would it be beneficial? After immobilization, it has been 

shown that moderate exercise has a positive effect on cartilage recovery.6 Would the 

same hold true for impacted joints? It was shown that some non-' impacted contralateral 

control patellae contained fissures. Although the fissures seen were not as long or deep 
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as those seen for impacted patellae, it still points to a degeneration of the cartilage in 

those controls. The presence of these control fissures, could have adversely affected the 

results. One major improvement in the methods of this study compared to the previously 

discussed impact study (by the same group), is that the joints were not compromised in 

order to attain pressures during the impact loading. As there were significant alterations 

of the biomechanical properties and histological appearance, it would be beneficial to 

examine biochemical and cellular changes to the cartilage in this model of joint impact. 

The methods used in this study could be used to study cellular and biochemical changes. 

A loss in cellularity due to the impact could account for some of the softening and 

thinning of the cartilage that occurred with time. This is due to an inability of the 

remaining chondrocytes to effectively repair damage that may have occurred to the 

matrix because of the impact loading. We first need to understand what happens to 

cartilage at the cellular level with loading in order to ascertain why such mechanical 

changes are observed. 

In the exercise and immobilization studies discussed above, altering the loading pattern 

of a joint greatly affected articular cartilage structure. Cartilage is no different than other 

musculoskeletal tissues in that periods of disuse cause it to atrophy and become weaker. 

With periods of strenuous use, cartilage structure also changes to meet the demands of 

the increased work load, or shows signs of degeneration due to an inability to cope with 

the load. There are many problems faced by in-vivo experiments. A major problem is 

that the internal loads applied during the exercise regime are not known. It would be 

beneficial to know exactly what loads are being applied during in-vivo experiments. This 
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would allow for the determination of a relationship between load "intensity" and articular 

cartilage adaptation or degeneration in the natural joint environment. In the impact 

loading studies discussed, the joint pressures were typically obtained. This greatly adds 

to the information obtained about the mechanical characteristics of the applied load, 

although it does not provide insight into the stress strain relationship of the articular 

cartilage at the contact interface. It would be beneficial to perform impact loading 

experiments and study cell viability or other biological measures. This would allow a 

determination of how an applied load in an intact joint affects the chondrocytes 

themselves. Chondrocytes are the only cell type in articular cartilage. They are 

responsible for the maintenance and adaptation of articular cartilage to changing load 

demands. If chondrocytes are damaged, these maintenance abilities are impaired and 

degeneration of the tissue may occur. 

2.13 In-Vivo Measurement ofJoint Forces 

As has been mentioned in the previous section, measurements of in-vivo joint loads are 

very difficult to perform. However, there are several techniques that have been used to 

estimate or obtain joint contact forces. One method that has already been discussed is the 

direct measurement of joint contact pressures using Fuji prescale pressure sensitive film. 

This method is invasive, but allows for measurement of joint pressures in intact normal 

joints during loading situations. 12 It involves making incisions in the joint capsule to 

allow insertion of the Fuji film (pressure sensitive) into the contact area. This method 

allows for direct measurement of joint pressures in intact, natural joints. The 

invasiveness of the procedure, does not allow for the direct use of Fuji film in procedures 
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where biological characteristics of joint surfaces are measured. However, an estimation 

of joint forces during such experiments can be obtained by using a separate group of 

animals. 

There are several noninvasive techniques that have been used in the literature. The most 

widely used and easiest of these methods is the measurement of ground reaction forces. 

This method has predominantly been used in experimental animal models of joint injury, 

or disease. One such study is that by Suter et al.'4. In this study, ground reaction forces 

were measured to estimate changes to joint loading in cats following left hind limb ACL 

transection. 14 Changes in ground reaction forces for the hind limbs due to the transection 

were determined using force platforms. These forces were then used to estimate the 

changes in forces in the knee joint of the animals. This method is non-invasive, but it 

only allows for estimation of global joint contact forces, and cannot be used to determine 

site specific forces. The use of ground reaction forces also does not account for 

cocontraction of muscles involved in loading an examined joint. This is a deficiency, 

since cocontraction can dramatically increase contract pressures within a joint. Herzog et 

al.'s give a simple example of this deficiency. Standing still on a force platform with the 

leg extensors relaxed results in a ground reaction force equal to body weight, and a 

certain joint contact force. 15 If the knee extensors are then maximally contracted, the 

joint contact forces will increase, but there is no subsequent increase in the ground 

reaction force. 15 It has also been shown that comparison of knee extensor forces in 

walking cats to vertical ground reaction forces results in a weak correlation.'6 These 

deficiencies show that the ground reaction force method is an inaccurate way to estimate 

joint forces. 
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Another more sophisticated, non-invasive approach to obtaining joint loads is the inverse 

dynamics approach. This approach typically involves the use of gait analysis systems, 

which are used to determine the resultant joint force and the resultant joint moment. 

Basic assumptions are made in terms of how a joint is defined, how forces are transmitted 

through a joint by muscles, ligaments, and contact forces. Typically, the muscles, 

ligaments, and contact forces are assumed to be the only structures to transmit forces 

across the joint. 15 This categorizes joint forces due to the joint capsule, fascia, connective 

tissues, etc... as being negligible. Combining this method with known anatomical 

information based on cadaver or imaging studies, the direction of all muscular and 

ligament forces can be determined. 15 This information simplifies the approach and only 

leaves the magnitudes of the muscle, ligament, and contact forces and the direction of the 

contact forces as unknowns. However, this still leaves many more unknowns than can be 

solved for in terms of resultant joint forces and resultant joint moments. 15 An example of 

this can be seen using the human knee shown in Figure 2.1, and equations 1 and 2.15 As 

with the previous noninvasive method, the inverse dynamics approach can only estimate 

joint forces. Also, this method is of a global scope, and site specific joint contact forces 

cannot be determined. 

A more invasive method of determining joint forces, involves the use of an instrumented 

joint prosthesis. 17,18 Experimental setup for this type of study involves implantation of a 

joint orthosis containing pressure sensing transducers. 17"8 This type of experiment has 

been used to examine joint forces in a variety of activities such as walking, and rising 

from a chair.'7"8 park et al.'7 used an instrumented hip prosthesis (81 year old, 54 kg) to 

measure the joint pressures attained during walking, rising from a chair, and ascending 
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and descending stairs. It was found that peak joint pressures were 1 MPa, 7 MPa, and 

15.5 MPa while standing, walking, and descending stairs, respectively. 17 For each 

different movement, the contact pressure measurements were used to infer the direction, 

and magnitude of the joint contact force. The results from the direct pressure 

measurements were compared to those attained using the noninvasive ground reaction 

force, and inverse dynamics methods. In every trial, the direction and magnitude of the 

joint contact force from prosthesis data were different than those attained through 

external estimations. 17 The differences found demonstrate again, the superiority of direct 

joint pressure, or force measurements, over external estimates. Although this method 

allows for direct measurements of joint pressures, it is not an entirely natural condition. 

It can give close estimates to a natural joint, but cannot be considered physiologically 

accurate. Also, this technique is not readily usable in other experiments aimed at 

investigating biomechanical and biological properties of articular surfaces. The 

introduction of a joint prosthesis would be too disrupting to the properties of normal 

articular surfaces, making the use of this technique very limited. 

As has been shown, there are several techniques that have been used to determine joint 

forces or pressures with varying degrees of accuracy. All the methods have their 

advantages and disadvantages. The noninvasive methods do not disrupt the joint, but 

only allow for global estimates of joint forces. This is a major limitation due to the 

evidence that joint adaptation and degeneration is site specific. 5,6,7,12,13 The invasive 

techniques allow for direct measurement of the joint forces, but disrupt the joint in a way 

that does not allow their direct use in studies aimed at looking at loading effects on 

biological parameters. It is proposed that of the methods discussed, the Fuji film 
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approach of obtaining joint pressures is the most accurate and readily usable way of 

directly obtaining pressures from intact physiological joints. 

Figure 2.1. Internal forces, and the resulting joint force and moment in the human knee. 
Taken from Herzog et al. 15. 
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2.2 In-Vitro Loading 

Joint injury due to traumatic loading is known to increase the risk for development of 

osteoarthritis.'9'20 However, it remains unclear how this process occurs. The existence of 

this cause and effect relationship has led to an interest in developing in-vitro models of 

joint loading. In-vitro models have become the method of choice when examining the 

effects of loading on articular cartilage. In-vitro models have the advantage that the 

loading can be measured and controlled precisely and that loading information 

(magnitudes and area loaded) are obtained directly. There are numerous papers that have 

used an in-vitro model of loading to study changes in articular cartilage gene expression, 

biochemical release and production, biomechanical traits, and cell viability. The studies 

reviewed below are meant to give an understanding of what type of research is being 

done in this area, and it should not be taken as a complete and exhaustive review of this 

field. 

2.21 Gene expression, Biochemical Release, and Biochemical Production 

The pathology of rheumatoid and osteoarthritis is characterized by the destruction of the 

articular cartilage of the affected joint. While the mechanisms leading to cartilage 

degeneration are not fully understood, it has been recently shown that nitric oxide (NO) 

may play an important role in this process. 21,22 Fermor et al.23 completed a study looking 

at the effects of static and intermittent compression of articular cartilage on the 

production of nitric oxide, and nitric oxide synthase (NOS) expression in two year old pig 

articular cartilage explants. Full thickness explants of 5 mm diameter removed from the 

subchondral bone, were obtained from the femoral condyles. All explants were cultured 

in medium containing Dulbecco's modified eagle medium (DMEM), with 10% heat 
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inactivated fetal bovine serum (PBS), 0.1mM non-essential amino acids, 10 mM HEPES, 

100U/nil penicillin and streptomycin for 72 hours prior to undergoing the loading 

procedure. Unconfined compression was applied through contact with two Deirin 

(polymer) surfaces. Static compression consisted of a 0.1, 0.5 or 1.0 MPa load for 24 

hours.23 Intermittent loading consisted of 0.1, 0.5 or 1.0 MPa loads at 0.5 Hz for 1 hour 

(23 hours recovery), 6 hours (18 hours recovery) and 24 hours. 23 Nitric oxide release was 

measured using the "Total NO kit" (R& D Systems).23 For detecting NOS expression, 

immunoblots were performed with the use of monoclonal antibodies; anti-NOS1, Anti-

NOS2 and anti-NOS3 (Transduction Laboratories, Lexington, KY), and detected using 

chemiluminescence reagents from Amersham (Arlington Heights, IL).23 It was found 

that static compression of 0.1 MPa for 24h significantly increased NO production 

(P<0.05), but there was no increase in NO levels at 0.5 and 1.0 MPa. 23 For the 6 hour 

loading, followed by 18 hours of recovery, only intermittent loads of 1.0 MPa at 0.5Hz 

increased NO production (P<0.05), 0.1 and 0.5 MPa loads produced no significant 

increase. Intermittent compression at 0.5 Hz for 24 hours at all three magnitudes also 

caused an increase in production of NO (P<0.05).23 Immunoblots showed that NOS2 

expression was increased in samples that underwent static compression, and samples that 

underwent intermittent compression at 0.1 MPa, 0.5 Hz. Expression ofNOSl and NOS3 

were not detected in any samples. Here it was shown that at the relatively low loading 

levels used, intermittent loading had a greater effect on NO production than a static 

loading. Longer duration, less physiological loads caused the greatest increase in NO 

production and NOS2 expression. This could be due to a cumulative effect of fluid efflux 

from the explant that causes an increased portion of the load to be taken up by the matrix 
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and chondrocytes. This increased load bearing responsibility of the ECM and 

chondrocytes may cause an increased biological response. During the 72 hour culture 

period prior to loading, the authors found that nitric oxide production decreased rapidly 

after, 48 hours and remained at this decreased level out to 72 hours. This suggests some 

disturbance caused by the harvesting or culturing process that may affect the results. 

In a similar study, Ewers et al.24 investigated the effect of loading on nitric oxide release. 

In this study, articular cartilage from 18-24 month old bovine forelegs was used. Here, a 

6.35 mm smooth punch was used to obtain plugs from the metacarpal surfaces of both 

fore limbs. 24 The cartilage plugs were removed from the subchondrai bone using a 

scalpel, and were subsequently washed three times (10 mill each wash) in DMBM: F12.24 

After washing, two explants were placed randomly in wells filled with 1 ml of DMEM: 

F12 supplemented with 50 j.tg/ml asorbic acid, 20% FBS, amino acids, and antibiotics 

(penicillin 100 units/ml, streptomycin 1.0 pg/ml, amphotericin B 0.25 g/ml).24 The 

explants were equilibrated in the media for two days prior to loading. 24 The loading 

apparatus consisted of two polished stainless steel plates for unconfined compression 

using a servo hydraulic machine (Instron, Canton, MA).24 The explants were subject to 

either a high rate (45 ms to peak) or low rate (1 s to peak) of loading to a peak load of 40 

MPa.24 The level of NO released into the media was measured each day for 4 days post 

loading. They found that one day post loading there was a significant increas in NO 

production in explants from the high rate group compared to controls. 24 Two days post 

loading there was a measurable increase in NO for both high and low rate loaded 

explants. 24 Three days post loading saw a return to control NO levels for both load rate 

groups.24 This study shows that traumatic loads cause an increase in NO production. 
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Initially, the high rate of loading seemed more damaging, due to its increased production 

of NO after 24 hours post loading. However, the low rate group matched the high rate 

group in terms of NO production by 48 hours post loading. This suggests a slightly 

different mechanism for triggering NO production at the two different speeds of loading. 

The two studies discussed above were the only studies in which the effect of different 

load types on NO production were studied. Both studies showed that loading can affect 

NO production. A high magnitude of load, produced by a high or low rate, seemed to 

produce a substantial increase in NO production. This is consistent with theories that NO 

production is an important factor in the development of arthritic conditions, and that NO 

production may be triggered by disruption of cartilage. 21,22 More studies of this nature 

are needed to fully understand loading effects on NO production. 

Glycosaminoglycan (GAG) is a major constituent of the extra cellular matrix (ECM) that 

is primarily responsible for the biomechanical properties of cartilage.2 Damage to the 

ECM associated with arthritis has been shown to cause an increased release of GAG, or 

loss of GAG from the matrix. Many studies have looked at different loading conditions 

and the consequent effects on GAG release or retention. Kurz et al.25 studied the effects 

of compressing articular cartilage from the patellofemoral groove of 1-2 week old calves. 

Cartilage samples were obtained by taking a cartilage-bone cylinder of 9 mm in diameter, 

removing the superficial 100 j.tm to create a level surface, slicing the following 2 mm of 

cartilage into 1mm thick slices, and finally taking four discs of 3mm diameter from each 

of the 1mm thick slices. 25 The finished explants were then equilibrated for 24 hours in 

culture medium, which consisted of a low glucose Dulbecco's modified Eagle's medium 
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(DMEM) supplemented with 10 % Fetal Bovine Serum (FBS), 10 mM HEPES buffer, 1 

mM sodium pyruvate, 0.1 mM nonessential amino acids, 0.4 mM praline, 20 jtg/ml 

streptomycin, and 0.25 pg/m1 amphotericin B.25 The explants were then compressed by 

50% of the original thickness (500 jim), at strain rates of 0.01, 0.1 and 1 s_I using radially 

unconfined compression. These strain rates corresponded to peak pressures of 

approximately 12, 18, and 24 MPa, respectively. 25 The final load was held so the total 

time of compression was five minutes for each group. Glycosaminoglycan content of the 

medium and digested samples was assessed by using the dimethylmethylene blue 

(DMMB) dye-binding assay.25 It was found that the GAG content of the tissue three days 

post loading tended to decrease with increasing strain rate, but analysis showed no 

significant effect. 25 Controls contained 48±4 jig GAG/mg wet weight, decreasing to 

47±2 jig/mg at 0.01 s', 45±2 jig/mg at 0.1 s', and 43±2 jig/mg at 1 s_i.25 The cumulative 

GAG loss to the medium three days post loading followed the corresponding trend, 

increasing with strain rate (p<0.01).25 After loading at 1 s1, the cumulative GAG loss 

was 9.2±0.8 jig/mg, compared to 6.9±0.4 jig/mg in controls. 25 It was concluded from 
/ 

these results that with increasing strain rate there was a corresponding decrease in GAG 

content of cartilage samples, and an increased release of GAG into the culture medium. 

However, the final load at each strain rate was not equal. Therefore, the results may be 

caused by the final load and not the different strain rates. 

In a similar study by Quinn et al.26, cartilage was obtained from 18 month old bovine 

shoulder joints. Osteochondral plugs of 6 mm in diameter were obtained from the 

humeral head. A single 2.7 mm explant was extracted from the core of the 16 mm plug 

leaving the subchondral bone (trimmed to 1mm thickness) attached. These explants were 



29 

then cultured for three days in 0.5 ml DMEM containing 1 gIl D-glucose, 25 mM HEPES, 

and 4 mM L-glutamine, and supplemented with 0.1 mM non-essential amino acids, 0.4 

MM L-Proline, 50 .tg/ml Gentamycin and 10% (VIV) FBS.26 Explants were then 

subjected to unconfined compression between two stainless steel plates. 26 The explants 

were subjected to compressions at strain rates of 3.0 x i0, 0.3, 0.5, or 0.7 s, and loads 

of 3.5, 7 or 14 MPa. 26 Glycosaminoglycan content was assessed using the DMMB assay. 

It was found that explants compressed at 0.5 and 0.7 strain rate to a peak stress of 14 

MPa were the only samples to show a significant increase of GAG release compared to 

controls.26 The increase of GAG release was followed for three days. On day one, the 

0.5 s_i strain rate produced slightly more GAG release than the 0.7 s_i strain rate, but both 

had levels that were significantly different from controls. 26 On day two, GAG release 

was virtually the same for the two strain rates, and was still significantly elevated above 

control levels. 26 On day three the 0.7 s1 strain rate produced slightly more GAG release, 

and both strain rates sill produced significantly more GAG than controls. 26 The results 

show that explants loaded to 14 MPa with the two highest rates of loading, had enough 

damage to the solid matrix to produce GAG release that was significantly elevated over 

controls. This increase in GAG release was not present in the explants loaded to 14 MPa 

at a rate of 0.3 s. This suggests that there is a rate of loading somewhere between 0.3 

and 0.5 s where a 14 MPa load becomes damaging. The authors noted that GAG release 

from control explants to culture media was elevated at 10% of explant content per day 

immediately after removal from the joint surface. This level of release decreased to a 

lower steady-state of approximately 2-3 % after three days in culture. This indicates that 

the dissection, or culture process used in this experiment, is damaging to the ECM, 
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suggesting that the results of this experiment are likely influenced by the presence of 

matrix damage prior to any loading protocols. 

The results of the two studies discussed above indicate that with increased strain rate 

there is a corresponding increase in release in GAG from the ECM. They also showed 

that the increases in the peak load caused a greater release of GAG. This is consistent 

with the results shown in similar experiments.26'27 

Another area of interest in in-vitro loading is aggrecan gene expression. Aggrecan is the 

major proteogyican of articular cartilage. It is composed of a protein core which has 

many keratin sulfate and chondroitin sulfate glycosaminoglycan side chains. Valhmu et 

al.28 studied the effects of short and long term compression of articular cartilage explants 

on the levels of aggrecan mRNA. Cartilage samples were obtained from the 

carpometacarpal joints from the forelimbs of 4-6 month old calves. Explants were 5 mm 

in diameter and 1-2 mm in depth (subchondral bone removed). The explants were 

cultured at 37 °C for 1 to 3 days in DMEM supplemented with 10% FBS, amino acids 

(0.5X minimal essential amino acids, 1X nonessential amino acids), 10 mM Hepes, 10 

mM sodium bicarbonate, 10 mM TES, 10 mM BES, 100 U/mi penicillin, and 100 jig/ml 

streptomycin. 28 Individual explants were subjected to uniaxial, unconfined compression 

between two sintered glass filters (porous).28 Explants were equilibrated under tare load 

for 15 minutes, and were then loaded at a compressive stress of 0.1 MPa for periods up to 

24 hours. 28 In an additional experiment, explants were subjected to compressive stress 

levels of 0.026, 0.05, 0.1, 0.25, and 0.5 MPa for 1 and 24 hours. 28 These loadings 

corresponded to compressive strains of approximately 7, 13, 27, 45, and 65 %, 
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respectively. Immediately after loading, each explant was transferred to 0.5 ml of RNA 

extraction buffer and extracted on ice. 28 Levels of mRNAs for aggrecan were determined 

using quantitative RT-PCR. In the experiment using a 0.1 MPa compressive stress, levels 

of aggrecan mRNA were increased 3.2 fold after 1 hour of compressive loading. 28 

Loadings of 4 hours or greater produced no difference in aggrecan mRNA levels when 

compared to controls. 28 In the experiments using loads of 0 to 0.5 MPa (1 hour duration), 

loads of 0.026 to 0.25 MPa showed a 2 to 3 fold dose-dependent increase of aggrecan 

mRNA levels. Only loads of 0.10 and 0.25 MPa showed significance relative to controls 

<Ø.Ø5).28 After 24 hours of loading in the same range (0-0.5 MPa), the levels of 

aggrecan mRNA were not significantly different from those in controls .28 The results of 

the loading protocols point to an early transient stimulation of aggrecan gene expression, 

followed by a return to baseline levels after 4 hours of loading. 28 The results also 

suggest that there is a load threshold after which compressive stresses are inhibitory. For 

the loading protocols used here, this threshold seems to lie between 0.25 and 0.5 MPa 

(compressive strains of 50-60%). One major drawback of this study was that the 

cartilage samples used were from immature animals. Again, as has been mentioned for 

previous studies, the use of immature cartilage may not be indicative of what happens in 

mature tissue. This study could have benefited from looking at GAG content and release, 

or some other marker of matrix integrity in combination with the aggrecan gene 

expression. This could have given some idea as to whether the aggrecan response was 

due to matrix disruption, or just an adaptive response to the loading. 
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2.22 Cell Viability 

Recently, a series of studies have been performed aimed at investigating chondrocyte 

viability as a function of articular cartilage loading. The reason for this interest in 

chondrocyte viability is that in aged, injured, or arthritic cartilage, there is a loss of 

cellularity.29 When studying cell viability, researchers typically look for one of two 

things, overall cell necrosis or apoptosis. Necrosis is general cell death, where there is no 

distinction made between cells that have died due to membrane failure, and those that 

have undergone apoptosis, or programmed cell death. Necrosis is associated with the 

loss of control of ion gradients between the outside and the inside of the cell, and also 

loss of the proton gradient across the membranes of mitochondria. Programmed cell-

death or "apoptosis", is associated with special metabolic signal transduction and gene 

regulation pathways or "programs" that systematically shut down and disassemble the 

cells components. The characteristic breakdown of the nucleus during apoptosis 

comprises collapse and fragmentation of the chromatin, degradation of the nuclear 

envelope and nuclear blebbing, resulting in the formation of micronuclei. During 

apoptosis, in contrast to necrosis, the cell and eventually the fragments of the cell, all 

maintain their ion-gradients and energy levels. In other words, ATP levels are high, and 

Na+ and Ca++ levels remain low in the cell fragments because the membrane ion pumps 

are still working (they need ATP for energy). So cells can recycle (die) on purpose by 

using the apoptosis systems. Eventually, they break into small fragments of cell remains 

that are phagocytosed (eaten up) by neighboring cells. The methods for detecting necrosis 

and apoptosis involve chemical assays or stains. The assays for cell necrosis typically 

involve a dead cell stain (ethidium bromide, or propidium iodide) in combination with a 
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live cell stain (calcein, SYTO 13, fluorescein diacetate, or thiazol blue). This allows the 

determination of live versus dead cells, with no possibility for distinguishing between 

necrotic and apoptotic cells. The standard method of detecting apoptosis is through the 

TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling) assay. 

The TUNEL assay is a nucleic acid stain that allows identification of apoptotic cells in 

cell populations. This method determines the number of apoptotic cells in a sample, but 

not the dead and live cell populations. 

Apoptosis in Cartilage 

D'Lima et al.3° performed a study using several different cartilage samples and loading 

protocols. In the first experiment, 5 mm diameter explants from the medial femoral 

condyles of bovine knee joints were used. Explants were placed in medium (DMEM 

supplemented with 10% FBS) for a period of 48 hours prior to loading. Loading was 

produced through a single, static, radially unconfined compression of 500 msec in 

duration. Explants were divided into four groups: controls, low load (7MPa), moderate 

load (14 MPa), and high load (23 MPa). Apoptosis levels were measured 48 hours post 

loading using the TUNEL assay. 30 In this first experiment, apoptosis levels were found 

to be approximately 18 % for controls, 15 % for the 7 MPa load, 40% for the 14 MPa 

load, and 42 % for the 23 MPa load.30 In the second experiment of this study, human 

cartilage explants were obtained from the tibial condyles of fresh cadavers. These 

explants were loaded at 30% strain for 500 msec, and apoptosis levels were measured 

(TUNEL) at 0, 3, 6, 24, 48, and 96 hours post loading. 30 Apoptosis levels for controls 

(measured at 48 hours post harvesting), 0, 3, 6, 24, 48, and 96 hours post loading were 

found to be approximately 2 %, 1 % , 2.5 %, 5 %, 8 %, 14.5 %, and 30.5 %, 
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respectively. 30 In the first study, it was seen that apoptosis levels increased with 

increased peak load .30 There was also a corresponding increase in load rate with the 

increasing load magnitude. 30 This could have influenced the apoptosis levels. The 

second study demonstrated an increase in apoptosis with increased post loading time in 

culture. The age of the animals providing the explants was not mentioned. The age of 

the cadavers that donated the explants for the second study was also not given. The age 

of both types of explants used may have influenced the results. 

Chen et al .29 studied the effects of loading articular cartilage from the humeral heads of 8-

10 month old (skeletally mature) dogs .29 A 4 mm diameter biopsy punch, and a No. 10 

surgical blade, were used to remove the cartilage samples. 29 Each specimen was 

prepared for uniform thickness (670-730 j.tm).29 The explants were then washed three 

times using Gey's balanced salt solution (Gibco Laboratories, Grand Island, NY).29 This 

was followed by an incubation period of up to 48 hours in DMEM: F12.29 The loading 

apparatus consisted of a stainless steel indentor (2 mm diameter) and fixtures that 

allowed for radially unconfined compression of the explant.29 Only the central 2mm of 

the 4 mm explants was loaded to a final pressure of 5 MPa using impacts at a stress rate 

of 60 MPaJs for 0, 2, 20, and 120 minutes. 29 All loading lasted for 1 s and was performed 

at 0.3 Hz. Apoptosis levels were examined using the TUNEL assay. Four hours post 

loading, there were very few TUNEL positive cells (apoptotic) in any of the loaded 

explants(0.9 %(2 mm), 0.7 % (20 mm), and 5.4 % (120 mm)).29 After 48 hours post 

loading, the number of apoptotic cells increased for all loading protocols (7.8 % (2 mm), 

22 % (20 mm), and 73 % (120 min)) .29 Further culturing beyond 48 hours showed no 

change in the percentage of apoptotic cells .29 As in the previous study, the level of 
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apoptotic cells increased very slowly for the first few hours post loading, but then 

increased rapidly until 48 hours post loading. This suggests that apoptosis may be 

occurring due to some other variable rather than the loading protocol. It was also shown 

that the longer the intermittent load was applied to the explant, there was a corresponding 

increase in apoptosis. This again ties into the fluid flow theory that has been discussed 

previously. Briefly, it is thought that intermittent loads may have a cumulative effect on 

fluid efflux from the loaded area. Longer duration intermittent loads may cause a 

decrease in fluid in the loaded region, resulting in an increased load bearing responsibility 

for the ECM and chondrocytes. It was noted by the investigators that the TUNEL assay 

falsely labeled some necrotic cells in the loaded cartilage and in freeze/thawed cartilage. 

This calls into question the reliability of the TUNEL assay, and therefore the results of 

this, and other studies, that have used the TUNEL assay to determine levels of apoptosis. 

The two studies discussed show that increases in load magnitude cause a corresponding 

increase in apoptosis. It has also been shown that increased culture time post loading 

allows for a more pronounced development of apoptosis, or possibly may cause apoptosis 

unrelated to the experiment. There was also evidence that the TUNEL assay may not be 

a reliable marker of apoptosis, due to false positive observations. 

Necrosis in Cartilage 

To date, studies aimed at investigating the effects of loading on chondrocyte necrosis 

have been done using in-vitro explant models. One such study is that by Kurz et al.25, 

which was discussed in section 2.21. Following loading, explants were maintained in 

culture for 3 days, after which cell necrosis tests were perfomed.25 The explants were 

sectioned with a scalpel into slices of approximately 200 jim in thickness. 25 Cell necrosis 
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was then assessed by staining with 5g/ml ethidium bromide (EtBr) and 50g/ml 

fluorescein diacetate (FDA).25 EtBr only enters cells which have lost the integrity of the 

cell membrane, which corresponds to cells that have died due to necrosis or apoptosis.25 

Once it has penetrated the cell, EtBr forms a red fluorescent complex inside the nucleus. 25 

FDA is membrane permeable, and is enzymatically converted by intracellular esterases in 

living cells, into a green fluorescent, anionic substance which can no longer leave the cell 

by crossing the cell membrane. 25 They found that cell death (mean±SEM) was 1 ± 0.7% 

in control disks, 2 ± 5% at 0.01 (12 MPa), 8 ± 3% at 0.1 s_i (18 MPa), and 17 ± 6% at 

1 s_i (24 MPa)." It was concluded from these results that cell death was dependent on 

strain rate. However, the final load at each strain rate was not equal. Therefore, the 

increase in cell death seen with the increased strain rate may have been caused by the 

corresponding increase in peak load. The process by which Kurz et al.25 obtained their 

explants is traumatic to the cartilage. In order to procure a uniform thickness explant, the 

top layer of the cartilage was sliced off, and then the next 2 mm was sliced into two 1 mm 

thick discs from which the explants were obtained. Thus, the explants obtained from the 

top 1mm would have contained cartilage of a different structural organization than that of 

the explants obtained from the bottom 1mm disc. Also, it has been shown that 

chondrocytes in different zones of articular cartilage react differently to loads due to 

differences in zonal ECM, and differences in the shape of the chondrocytes themselves. 31 

The method used by Kurz et al.25 gave explants of equal thickness, but it created an 

explant that had artificial boundary conditions that may have severely influenced the 

findings of the study. Also, the cartilage explants were obtained from skeletally 

immature animals. Immature cartilage is known to react differently to damage than 
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mature cartilage, so the use of immature cartilage may give different cell death numbers 

than if mature cartilage had been used.32 

Ewers et al.24, which was discussed in section 2.21, also looked at the effect of their 

loading protocols on cell viability. One day post loading, five explants from each loading 

group were randomly chosen for the viability assays. 24 EtBr (previously described 

necrotic cell stain) and calcein (live cell stain) were used as the viability stains. Calcein is 

membrane-permeant, and once inside the cells, it is hydrolyzed by endogenous esterase 

into the negatively charged green fluorescent calcein, which is retained in the 

cytoplasm. 24 They found that the percentage of dead cells was 9±6 % for controls, 47±12 

% for 45 ms to peak group (40 MPa), and 66±13 % for the 1 s to peak group (40 MPa).24 

Unlike the majority of studies looking at loading and cell viability, Ewers et al. 24 was one 

of the only studies to reach the same peak load (40 MPa) with different loading rates. 

Consequently, they were able to show that for a given peak load, a low rate of loading 

was more damaging in terms of cell viability. It was also shown that the low rate of 

loading group had a uniform distribution of cell death, whereas the high loading rate 

group had a concentration of cell death near surface fissures. Like in the previous study, 

the explants were removed from the subchondral bone. Subchondral bone provides 

protection against damage to cartilage due to excess loading. 27,33 Therefore, the cell 

death numbers obtained were likely elevated because of this removal of the explants from 

the subchondral bone. 

Ina similar experiment to that just described, Chen et al.29 investigated the effects of their 

loading protocols on cell death. To ascertain chondrocyte death, explants were immersed 

2 hours post loading in 40 tg/ml propidium iodide (PT) (dead cell stain) and 1 mM FDA 
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(previously described live cell stain) for 10 min before being sliced into 200 tm 

sections .29 Propidium iodide (PT), like EtBr, is only permeable to dead or dying cells 

with damaged plasma membranes. 29 Once inside a necrotic cell, PT binds to the DNA in 

the nucleus and emits a red fluorescence. 29 It was found that explants contained 5.1±2.2 

% dead cells in control samples, 5.6±3.5 % dead cells after 2 min loading, 12±4.7 % dead 

cells after 20 min loading, and 32 ± 9.3 % dead cells after 120 min loading. 29 These 

results indicate that long duration dynamic loading with a peak load of 5 MPa (60MPaIs), 

for 1 second in duration at a frequency of 0.3 Hz was more damaging to cell viability 

than short duration loading of the same parameters. The use of a dynamic loading 

protocol is fairly unique in the literature. As with Kurz et al.25, thickness of the explants 

was controlled. This again calls into question the structural makeup of each explant. 

Explants are structurally highly artificial. When explant thickness is controlled, it adds 

another non physiological variable to the model which adds further doubt to the relevance 

of the results. Unlike most studies, the culture period post loading was only two hours. 

Most studies in the literature tend to culture loaded explants for at least 24-48 hours post 

loading. 24,26,29,34,36,37 The very short two hour incubation period may have influenced the 

results compared to if a longer incubation period had been used. 24,26,29,34,36,37 It is 

suggested in the literature that a 24 hour culture period post loading is sufficient to allow 

for cell necrosis to occur. A period of two hours may not be long enough to allow for all 

cell necrosis to occur. 24,26,29,34,36,37 

Duda et al.34 performed an impact study using whole patellae from mature Yucatan 

minipigs (12-14 months).34 The patellae were removed from the surrounding soft tissues 

and were placed in DMEM supplemented with 10% FBS and 1% penicillin streptomycin-
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fungizone for a maximum of five hours at 37 OC.34 Throughout the loading procedure 

and preparation of the patellae, the cartilage was kept moist using culture medium. 34 

Impact loading was provided by a drop tower, which was used to drop a mass of 0.1 kg 

from various heights onto a metallic semishperic impactor (radius, 5mm) resting on the 

surface of the patellae. 34 Each patella was divided into equal sized quadrants 

(approximately 200 mm2). Three quadrants were randomly impacted with energies of 

0.06, 0.1 and 0.2 J (0.2 J 3.0 ± 0.8 MPa).34 The remaining quadrants served as non-

impacted controls. Full thickness blocks of cartilage (5 X 5 mm) were removed from the 

patellae using a scalpel.34 For cell viability purposes, each block was stained with 

propidium iodide (P1) (previously described dead cell stain), and thiazol blue (live cell 

stain).34 Thiazol blue is converted by mitochondria of living cells into formazan, a 

purple/black precipitate, which remains in the cell .34 Samples were first placed in 1 ml 

of propidium iodide solution (0.1 g/ml in PBS) for two minutes. 34 They were then 

dialyzed using an electronic shaker for one hour to remove unbound PT.34 Samples were 

then immersed in 1 ml of thiazole blue solution (1 mg/ml in PBS) for one hour. 34 After 

staining, specimens were snap frozen with liquid nitrogen and three sections of 10tm 

were taken. 34 The percentage of dead cells found in each group was 7.5 (controls), 12.1 

(0.06), 14.7 (0.1), and 16.8 (0.2). The procedure for obtaining cartilage samples in this 

study was much less traumatic than in the majority of studies in the literature. Using the 

intact patella allowed for a more natural environment of the cartilage during the loading 

procedure. The level of cell death seen with such low load levels is perplexing. The fact 

that the cartilage was left intact until after the loading procedure would suggest that 

greater loads are required to produce similar percentages of cell death compared to the in-
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vitro explant studies. The length of the staining procedure may have caused increased 

staining with propidium iodide or increased cell death caused by the procedure itself. In 

the majority of the 11terature2426'29'3537, viability staining was performed by first 

sectioning the cartilage, and then staining for several minutes with the appropriate 

assays. Here, the process for staining was over two hours in duration. The samples were 

then snap frozen, and sectioned after the staining procedure. This is the only major 

difference in the methods between this and other studies in the literature. 24-26,29, 36-37 

It seems from the in-vitro studies mentioned above, that as the peak load applied to the 

explant increases, so does damage to articular cartilage (increased NO production, 

increased GAG release, increased apoptosis, and increased cell death). However, if the 

final load is the same, a slow rate of loading will cause greater cell death (necrosis) than a 

fast one, whereas, a fast rate of loading is more damaging to the matrix than a slow rate. 

It has been proposed that this last result occurs because tissue fluid can move out of the 

ECM better at slow than fast rates of loading, causing a greater percentage of the load to 

be taken up by the solid matrix and the chondrocytes. The reverse is true at fast rates of 

loading. Here, fluid cannot move out of the loaded area, so the majority of the load is 

absorbed by the fluid phase. At extremely high rates of load, this causes ruptures or 

fissures to develop due to fluid pressures exceeding • maintainable levels. For cyclical 

loading, the longer the loading is applied, the greater the corresponding cell death. This 

result again may tie into the tissue fluid movement theory. Repeating a cyclic load will 

likely cause a greater efflux of tissue fluid, thus, the solid matrix will likely carry a 

greater percentage of the load compared to a situation where the (same) cyclic load is 
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applied over a short period of time. It is interesting to note that the majority of loads 

applied in the studies discussed are of physiological magnitudes. Nevertheless, the levels 

of cartilage damage observed in these studies must not occur in the intact join, otherwise 

joint degradation should occur in most joints of all people and animals, but it does not. 

Thus, the high levels of cartilage damage, for the apparently normal load magnitudes, 

seem unrealistic. Likely, the experimental conditions (articular cartilage explants, often 

separated from the subchondral bone), the loading conditions (typically unconfined or 

indentation loading with metal plates and indentors), and the boundary conditions 

(removal of surrounding cartilage from circular explant, loading surfaces with no 

resistance to fluid flow, removal of subchondral bone, removal of superficial layers) are 

so artificial that conclusions about articular cartilage damage in the in-vivo situation 

become impossible. 

2.3 Summary 

As shown in this review of literature, there is. extensive research in the area of loading of 

articular cartilage and the corresponding biological or mechanical responses. The 

majority of research in this area has been, and is being performed, using in-vitro explant 

models. There are few studies which use in-vivo models in this area of research. These 

in-vivo studies are more often than not performed using an exercise protocol, or a period 

of inactivity, as the method of changing the loading of the articular cartilage. The 

advantages of using an in-vivo model are that the loading(s) that occur are 

physiologically relevant, cartilage is generally not disturbed from its natural environment 

until final mechanical or biological examinations are performed, and results are directly 
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applicable to clinical situations. There are also numerous limitations to using an in-vivo 

model that might have adverse effects on experimental outcomes. One of the major 

problems with these studies is that it is very difficult to measure forces in the joints. 

Directly measuring such forces in the in-vivo environment cannot be done without 

disrupting the integrity of the joint. Such disruption can affect mechanical and biological 

characteristics of cartilage, causing inaccurate results. Several noninvasive methods of 

joint force estimation exist, but they only allow for global joint force approximations, and 

can not be used to determine site specific forces. Also, the loadings during training or 

immobilization studies are not well controlled. Individual variation in joint structure, 

joint health, and movement patterns can cause loadings to vary slightly, or dramatically, 

subject to subject. Also, individual levels of activity outside of training programs are not 

necessarily equal. The use of in-vitro models has become the most frequently employed 

method for obtaining information about loadings effects on articular cartilage. For in-

vitro studies, it is easy to measure pressures on loaded cartilage. The loaded area, load 

intensity, load duration, loading rate can all be directly and easily obtained and 

controlled. However, that being said, it is felt that the in-vitro method may not be 

relevant to the in-vivo joint contact situation. The methods of obtaining cartilage samples 

in these experiments removes them from their natural environment. In extreme cases, 

cartilage samples are modified in such a way that they no longer contain all of the 

different structural zones. This certainly causes the cartilage to elicit responses to 

loadings that are not of a physiological nature. Samples are also incubated in culture 

medium for lengthy periods before and after loading. The culturing environment is non-

physiological, and again, may have adverse effects on results obtained. The application 
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of load is performed in non-physiological manner. Generally, metal plates or indentors 

are used to transmit loads to the explants. Whereas in an intact joint cartilage is 

contacted by an apposing cartilage surface. All of the limitations of in-vitro models 

results in experiments that may not be physiologically relevant. Therefore, the results of 

such studies cannot be transferred to the intact in-vivo joint situation, and are of little 

clinical relevance. 

2.4 Purpose 

The aim of the current study was to examine the effects of controlled physiological 

muscle-induced loading and impact loading on chondrocyte death in the intact in-vivo 

situation. It was hypothesized that there would be no increase in chondrocyte necrosis in 

all of the physiological (muscle-induced) loading protocols, whereas there would be an 

increase in cell death in the non-physiological impact situation. The joint pressures 

attained in this study were at, or near, levels that have been shown to be significant in 

producing increased cell death in in-vitro studies. Therefore, the results of this study can 

be used to critically assess the in-vitro studies, and further, can be used to determine 

whether physiological loading by muscles may cause cell death in the most extreme 

muscular loading protocols possible. 
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2.5 New and Notable 

There are several new and notable protocols and results that emerged from this thesis and 

should be emphasized. In this study, we were the first to: 

1) Investigate chondrocyte viability in the intact, in-vivo joint. (Chapter 3) 

2) Reveal that muscular joint loading of a magnitude similar, or sometimes 

even greater, than in in-vitro explants did not cause cell death beyond 

reference levels.(Chapter 3) 

3) Demonstrate that the rate of loading is likely more important for cell death 

than the load magnitude.(Chapter 3) 
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CHAPTER 3: EFFECTS OF IN-VIVO JOINT LOADING ON 
ARTICULAR CARTILAGE CHONDROCYTE VIABILITY 

3.2 Methods 

3.21 Animal Preparation 

Thirty skeletally mature (1 year old) New Zealand White rabbits were used for the 

experiments. The patellofemoral joint was chosen for the study because of the 

prevalence of patellofemoral joint degeneration due to osteoarthritis, and evidence from 

the work by Haut et al. and Ewers et al. 12'13, that impact loading can cause patellofemoral 

degeneration. Rabbits were split into five groups of six animals. Three groups received 

different protocols of loading through knee extensor contractions, one group received 

loading through an impact loading device, and one group was used to measure the contact 

pressures in the patellofemoral joint for all loading conditions. All rabbits were 

anesthetized using Isoflurane, before preparation for loading. 

The following procedures were carried out for all three groups receiving loading through 

knee extensor contractions. The underbelly and hind limbs were shaved and sterilized 

with alcohol wipes. Loading of the patellofemoral joint was developed through electrical 

stimulation of knee extensor muscles via a femoral nerve cuff, controlled by a Grass 

S8800 stimulator (Astromed Inc., Longueuil, Quebec) (Figure 3.1 and 3.2). The nerve 

cuff electrode consisted of a silicone tube with an inside diameter of 3.4 mm, a length of 

approximately 5 mm, with stainless steel wires on the inside for direct nerve contact 

(Figure 3.1). An incision was made on the side of the nerve cuff so it could be opened 

and fitted over the intact nerve (Figure 3.1). Implantation of the nerve cuff involved 

making an incision in the skin above the femoral nerve, removing some connective tissue 
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to reveal the femoral nerve, positioning the nerve cuff around the nerve, suturing the 

nerve cuff closed to prevent displacement (Figure 3.2), and finally suturing the skin 

closed. The nerve cuff was then connected to the Grass stimulator. A sham operation 

was performed on the contralateral control limb. Rabbits were then placed supine on a 

custom-made stereotaxic frame with the pelvis and experimental leg pinned to limit force 

dissipation (Figure 3.3). The experimental leg was secured to a force transducer bar, to 

measure the knee extensor moments produced by the quadriceps muscles. The transducer 

bar was positioned so that the, angle created between the shank and thigh was 

approximately 100 degrees when the leg was secured. 

For the group receiving an impact load, a similar setup was used. The hind limbs were 

shaved, and the rabbits were placed supine on a custom made stereotaxie frame with the 

pelvis secured with surgical pins. The impact loader (Figure 3.4) was positioned directly 

above the experimental limb (centered over the patella). The experimental leg was then 

secured to the leg restraining device using Velcro straps and quick grip clamps (Figure 

3.5). The angle between the shank and thigh was approximately 80 degrees when the leg 

was secured. 

The group of rabbits used for patellofemoral contact pressure measurements were 

prepared as those described above for the respective loading groups. Patellofemoral joint 

pressures were first measured for the three muscle induced loading protocols, and then 

for the impact loading protocol in all animals. 
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Figure 3. 1. Custom made nerve cuff electrode. 

Figure 3.2. Implanted nerve cuff electrode on the femoral nerve. 
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Figure 3.3. Custom made stereotaxic frame with the pelvis and experimental leg pinned 
to limit force dissipation. The restraining bar at the distal part of the tibia is instrumented 

with strain gauges for knee extensor force measurements 

3.22 Muscle induced loading, and impact loading protocols. 

Muscle Induced Loading 

Muscle induced loading was produced by direct stimulation of the femoral nerve via an 

electrode as described above. In order to determine the a motor neuron stimulation 

threshold, the stimulation voltage was slowly increased while applying 200 ms pulse 

trains. Once the a motor neuron threshold was determined, the maximum knee extensor 

force was elicited by stimulating the femoral nerve at a voltage of three times the 

threshold. This has been shown to activate all motor units of the knee extensor 

musculature. 38 

The train duration (period of stimulation), and train interval (time between stimulations) 

was altered for the three muscle induced loading protocols. Group 1 received a ten 
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second, maximal leg extensor contraction at a stimulation frequency of 150 Hz, and 

stimulation magnitude of 3.9 ± 0.97 V. Group 2 received muscle stimulation in 3 sets of 

5 repetitions. For a given set, five 1 sec maximal tetanic stimuli were given with a 2 sec 

rest. The rest between the 3 sets was 3 minutes. Stimulation frequency was 150 Hz, and 

the stimulation magnitude was 4.0 ± 1.0 V. For Group 3, the stimulation frequency and 

voltage were changed from the maximal voltage, so as to evoke a contraction that 

produced a force of approximately 20 % of maximum. Stimulation frequencies for this 

protocol were 50 Hz, and voltages were 1.85 ± 0.25 V at the beginning of the loading 

protocol. Once 20% of maximum force production was determined, repeated stimulation 

trains of 0.25 seconds in duration, with a 2.5 second rest between stimulations, were 

given for fifteen minutes. The stimulation frequency and/or voltage were increased as the 

muscles fatigued to keep the level of force production at approximately 20% of the 

maximal isometric force. For all muscle-induced loading protocols, a square pulse with a 

period of 0.1 msec was used. 

Impact Loading 

For the impact loading, an impact energy of 5 joules was delivered to the patellofemoral 

joint. The impact loading device allows for adjustment of the impact mass, and the drop 

height to generate the desired impact energy (Figure 3.4 and 3.5). The single 5 joule 

impact load was delivered to the joint by dropping a 1.351 kilogram mass from a height 

of 37.7 cm. The impactor was lined up squarely over the experimental joint, with the 

patella contacting directly in the center of the 2.5 centimeter diameter aluminum impact 

surface. 
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Table 3. 1. Loading protocols for each loading group. 

Group 1 Muscle 10 seconds of continuous maximal muscle contraction. 

Group 2 Muscle 3 sets of 5 maximal contractions of 1 s duration with a 2 s rest 
period. 

Group 3 Muscle 15 minutes of intermittent loading (0.25 s on, 2.5 s off) at 20% of 
maximal muscle contraction. 

Impact load A single impact load of 5 joules energy. 

Figure 3.4. Impact loading device. 
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3.23 Force and Pressure Measurements 

Force Measurements 

Knee extensor forces for all muscle induced loading groups were recorded using a 

custom designed force transducer bar (Figure Forces were recorded using Windaq 

Figure 3.5. Impact loader with animal positioned and secured for loading. 
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data recording software. The data obtained were used to determine the total force 

generated during the loading protocols, as well as the time to peak force. The same force 

transducer was used to determine the time to peak force for the impact loading group. 

The transducer bar was wrapped with transpore tape to soften the impact, lined up, and 

secured directly under the impact loader. The loader was then set at the same parameters 

as for the impact loading protocol, and dropped directly onto the transducer bar. 

Pressure Measurements 

One group of rabbits was used exclusively to determine the joint pressures created in the 

three muscle induced loading groups and the impact loading group. Each animal in the 

pressure measurement group was used to determine pressures developed during 

maximum and 20 % knee extensor force, as well as during the 5 joule impact loading. 

The preparations for these procedures were identical to those described previously. 

However, before stimulation, or impact, 17.5 mm incisions were made laterally and 

medially to open the patellofemoral joint, so as to allow the insertion of Fuji prescale 

pressure sensitive film (Fuji, Ltd., New York, NY) (Figure 3.6 and 3.7). When pressure 

is applied on Fuji pressure sensitive film, microcapsules are broken, and a pink dye is 

PrtA  r 
  Polyester base filmssu V Color-formin 

co'''o3QXG. layer 

C film 
- Color-developing 

layer 
Polyester base 

Figure 3.6. Model of Fuji prescale pressure sensitive film. 
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Figure 3.7. Example of Fuji film inserted into the patellofemoral joint. 

released that reacts with the color developing layer. This process causes pink color 

formation whose density is proportional to the applied pressure. Through particle size 

control, layered microcapsules are designed to react to various degrees of pressures, 

releasing their color forming material at a density that corresponds to specific levels of 

applied pressure. Fuji pressure sensitive films come in a variety of pressure ranges. For 

our purpose, we used low (pressure range: 2.5-10 MPa) and medium (pressure range 10-

50 MPa) film to determine contact area, and peak pressure, respectively. The low and 

medium grade films were prepared separately and not as a multiple film packet. A 

multiple film packet would increase the thickness, stiffness and potential for creasing of 

the film, all of which would be detrimental to accurate pressure measurements within the 
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patellofemoral joint .40 The microcapsule and color developing layers were encapsulated 

between thin polyethylene adhesive layers to seal them from the joint environment.39 

Calibration stains were obtained for both low and medium range films, using an Instron 

materials testing machine (Instron, Inc., Canton, MA) equipped with a 4 mm diameter 

flat, cylindrical stainless steel indentor. Fuji film was placed on a flat, level stainless 

steel plate. Using known forces, both the low and medium range film were calibrated for 

a range of pressures suitable for this study. Low range film was calibrated for a range of 

1-15 MPa, and medium range film was calibrated for a range of 4.6-35 MPa. The 

calibration range for the low film started below and ended above the films nominal 

pressure range in order to obtain calibration readings for the whole range (Figure 3.8). 

Calibration of the medium film began below its nominal pressure range to make sure an 

accurate calibration of the lowest portion of the range was obtained (Figure 3.9). The 

calibration stains for the medium film ended at 32 MPa, because it was estimated that 

joint pressures would not exceed a maximum of 30 MPa. 12,13 

1 
L. .L .i... L 

2 3 4 5 6 7 8 9 10 
Figure 3.8. Calibration stain for low Fuji film. 1)1.4 MPa. 2) 2.1 MPa. 3)3.1 MPa. 4) 
4.5MPa. 5)5.1 MPa. 6)5.8 MPa. 7)7.1 MPa. 8) 8.9 MPa. 9)11.2 MPa 10)14.2 MPa. 

•• . 
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Figure 3.9. Calibration stains for medium Fuji Film. 1)11 MPa 2) 4.6 MPa 3) 9.3 MPa 

4)15.2 MPa 5) 22 MPa 6) 25.5 MPa 7) 32 MPa 8) 6.8 MPa 
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3.24 Cell Viability Staining Protocol 

Animals were allowed to recover from all loading procedures for 24 hours. During this 

time, Butrophanol injections were administered every 6 hours in conjunction with ethics 

guidelines. After the 24 hour recovery period, the animals were sacrificed by euthanol 

injection. Before dissecting the joints, the animals were positioned at the same knee 

angle as during the loading procedures. This was done, so that the patella position from 

the loading protocol could be ascertained. Patella position was marked out by making 

several small notches in the medial and lateral condyles of the femur with a scalpel at the 

proximal and distal ends of the patella. These notches marked out the loaded zone of the 

femoral grove. Once the joint was opened, sections were cut from the designated loaded 

zone of the femoral groove. For the patella, care was taken to obtain samples from both 

medial and lateral facets from known load contact areas. 12,13 The patella and femoral 

groove of the experimental and contralateral control limb were then excised from 

surrounding tissues. Cartilage surfaces were constantly kept moist using a 1 x PBS 

solution throughout the harvesting and sectioning procedures. Sections (50 gm) of 

articular cartilage were then cut from the patella and femoral groove of both the 

experimental and control joints using a vibratome (TPI, Inc., St. Louis, MO). The 

sections were removed from the subchondral bone of the patella and femoral groove with 

a #10 surgical scalpel, and placed in a dish containing a PBS solution. The same 

procedure was performed to remove sections from the patella and femoral groove of the 

contralateral control joint. 

For each joint surface (experimental and control), five randomly chosen sections were 

placed on a glass slide, and were stained for cell viability using Ethidium bromide (EtBr; 
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Sigma, St. Louis, MO) and SYTO 13 (Molecular Probes, Eugene, OR). Ethidium 

bromide is a dead cell stain, and can only enter cells which have lost the integrity of the 

cell membrane. Once it has penetrated the cell, EtBr forms a red fluorescent complex 

inside the nucleus. SYTO 13 is a live cell stain, and is permeable to intact cell 

membranes. Once inside a cell, SYTO 13 labels both RNA and DNA with a UV excited 

green fluorescent. The EtBr stain was made by taking 10 il of stock solution (10mg EtBr 

power/ml/PBS) and adding it to 1 ml of PBS. SYTO 13 stain was made by taking 10 p1 

of stock solution (0.25 ml of 5 mM in dimethylsulfoxide (DMSO) diluted with an 

additional 0.75 ml of DMSO), and adding 990 p1 of saline to it. The Syto/EtBr working 

solution was made by adding 100 p1 of EtBr working solution per ml of SYTO working 

solution. Finally, 100 p1 of SYTO/EtBr working solution was added to the sections. 

Sections were viewed under a Zeiss fluorescent microscope (440-480 nm) after staining 

had occurred for 6 minutes and digital images were obtained using a Nikon COOLPIX 

4500 (4.0 Megapixel) digital camera for later analysis (Figure 3.10). 

3.25 Analysis 

All digital images of the cartilage sections obtained from the experimental and 

contralateral control limbs for the three muscle induced loading groups and the impact 

loading group were analyzed using a custom cell counting program. The program allows 

for marking of both live (green) and dead (red) cells, and keeps a tally of both. Five 

sections from each joint surface were analyzed. Each section was split into 2-3 separate 

images in order to analyze its full area. The cell counting process was performed twice 

for each image. On average each section contained between 500 and 1000 cells, so for 

each joint surface, 2500-5000 cells were counted. For zonal cell death analysis, the 
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Figure 3. 10. Example of cell viability digital image. 

cartilage was visually sectioned into the superficial, middle, and deep zone. The 

superficial zone was taken as the first 15 % just beneath the articular surface, the middle 

zone was taken as the next 55 %, and the deep zone corresponded to the remaining 30 % 

up to but not including the tidemark.2 

The Fuji film was analyzed as per the methods described by Liggins39, and Clark et al.4° 

All Fuji film images were scanned into a PC at a resolution of 600 pixels per inch. These 

images were then cropped to obtain each individual stain using Adobe Photoshop 5.0 

image editing software (Adobe Systems, Inc., San Jose, CA). Images were then analyzed 

using Matlab image analysis software (The Mathworks, Inc., Natik, MA) and customized 

Fuji analysis programs. These programs modified the digital images to account for the 

granular nature of the Fuji film. 39,40 This was done by dividing the image into 4 x 4 pixel 
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sample areas. The intensity of the pixels in these samples was averaged and this average 

was applied to the 4 x 4 pixel sample area. 39,40 This averaging of the 4 x 4 pixel sample 

areas was done to maximize pressure resolution while also maintaining a satisfactory 

spatial resolution of the images. 39,40 The calibration stains (Figure 3.8 and 3.9) obtained 

from known forces using a 4 mm diameter indentor (section 3.23) were analyzed first. 

For each calibration stain (for both low and medium film), the mean ± SD of stain 

intensity was obtained and used to establish a relationship between stain intensity and the 

corresponding pressure range (Figure 3.11). Once Calibration stains were analyzed 

(Figure 3.8 and 3.9), medium film joint pressure stains (Group 1, Group 2, and the Impact 

load group) were analyzed for joint pressure distribution (Figure 3.13). Mean (average of 

all 4 x 4 pixel sample areas in the contact area), and peak pressures (greatest pressure 

over a contact area of at least 1 mm2) were both determined. Low Fuji film (Figure 3.12) 

was used to obtain contact area measurements for all four of the loading protocols (Figure 

3.8). An intensity threshold was set by visual inspection for each stain to define the 
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Figure 3.11. Calibration curve for medium Fuji Film. 
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edges of the contact area. Low film was also used to determine mean and peak pressure 

for Group 3, due to the low level of this loading protocol (using the same method as for 

the medium film). 

Statistical analyses were performed using non-parametric analysis (Mann-Whitney U test, 

Kolmogorov-Smirnov two-sample test, the Kruskal-Wallis analysis of ranks, and the 

Median test) at a preset level of significance of a = 0.05. The Mann-Whitney , and 

Kolmogrov-Smirnov tests were used to compare cell death data for experimental and 

control surfaces within each loading protocol, compare experimental and control surfaces 

between the Impact load group and the grouped muscle-induced data, mean and peak 

pressures from the different loading protocols, and time to peak pressure from the 

different loading protocols. The Kruskal-Wallis, and Median test were used to compare 

all cell death data for experimental and control surfaces from all the loading protocols. 

Two tests were used for comparing two samples and multiple groups to try and spot 

anomalies in the data. In all cases both tests for two or multiple samples were in 

agreement. 

B) 

Figure 3.12. Example of a low range Fuji Prescale pressure film image used for contact 
area analysis. A) Raw Fuji image (left=lateral, right=medial), B) Analyzed Fuji image 

(left=lateral, right=medial). 
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B) 

Figure 3.13. Example of a medium range Fuji Prescale pressure film image used for 
average and peak pressure analysis. A) Raw Fuji image (left=lateral, right=medial), B) 

Analyzed image (left=lateral, right=medial). 

3.26 Ethics 

Treatment of the animals and all experimental procedures were approved by the 

University of Calgary committee for the ethical use of animals in research. 

3.3 Results 

3.31 Cell Death 

Cell death observed following the loading protocols was the same for all three muscle-

induced loading protocols, and the unloaded controls (Figure 3.14 and Table 3.2). 

Pooling the date for the muscle induced-loading groups also gave no differences in cell 

death between experimental and control surfaces (Table 3.2). The impact loading group 

showed a significant increase in cell death for patellar and femoral experimental surfaces 

compared to the corresponding matched controls (p<0.05) (Figure 3.14 and Table 3.2). 

Cell death in the impact loaded animals was greater than in all the muscle induced 
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loading groups and the combined muscle loading group (p<0.05) (Figure 3.14, 3.15 and 

Table 3.2). Cell death in the patella and femur for the impact loaded group, was the 

same. 

In the impact loaded group, cell death increased from the superficial to the middle, and 

from the middle to the deep zone for both the femoral and patellar articular cartilage 

(Figure 3.16). Although, a zonal variation in cell death was also observed in the control 

surfaces, these variations were much smaller than those observed for the impact loaded 

group, and were only statistically significant between the superficial and deep zones of 

both the femur and patella (Figure 3.17). Compared to the control values, cell death in 

the impact loaded group was greater in all zones for the femoral samples, and was greater 

in the middle and deep zones for the patellar samples (Figure 3.18 and 3.19). 

Table 3.2. Summary table of mean ± SD (%) cell death for all loading groups 

Loading Group Experimental 
Patella 

Control 
Patella 

Experimental 
Femur 

Control 
Femur 

Group 1 Muscle 10.1± 2.8 9.9 ± 3.2 9.9 ± 2.9 5.8 ± 1.3 

Group 2 Muscle 9.6 ± 0.8 8.8 ± 2.3 8.4 ± 1.9 9.2 ± 1.0 

Group 3 Muscle 8.0 ± 1.8 9.7 ± 0.5 8.1 ± 1.5 8.2 ± 1.6 

Impact load 21.8 ± 7.1* 8.7 ± 1.1 23.5 ± 5.8* 9.5 ± 1.1 

Pooled Muscle 
Induced Loading 

8,7±2.1 9.1 ±3.6 8.4±2.2 7.7±1.6 

* Indicates statistical significance. p<O.OS 

3.32 Pressures 

Mean and peak pressures for the different loading protocols are shown in Figure 3.20. 

The mean pressures for Groups 1 and 2 (Hereafter given as Group 1/2) was 20.0 MPa, for 

the impact load group it was 21.3 MPa, and for Group 3 it was 4.5 MPa. The peak 
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pressures were 25.3 MPa, 28.7 MPa, and 8.0 MPa for Group 1/2, the Impact Loading 

group, and Group 3 respectively. There was no significant difference between the mean 

and peak pressures for Group 1/2 and the Impact Load group. The mean contact areas 

were 26.2 ± 2.9 mm  for Group 1/2, 34.1 ± 5.6 mm2 for the impact load group, and 16.2 ± 

8.0 mm2 for Group 3 (Figure 3.20). Mean time to peak pressure was 226 ± 57 ms, 2.7 

±.45 ms, and 114 ± 2lms for Group 1/2, the impact load group, and Group 3 respectively 

(Figure 3.22). Differences in times to peak pressure were significant when comparing 

Group 1/2 and the Impact Load group, and for both Group 1/2 and the Impact Load group 

compared to Group 3 (p<O.05). 
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Figure 3.14. Mean ± SD cell death data for all three muscle-induced loading groups and 
the impact loading group. The (*) symbol indicates a statistically significant difference 

between impact loaded surfaces and controls (p<0.05). 
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Figure 3.15. Comparison of mean ± SD (%) cell death data for impact loading and pooled 
muscle induced loads. The (*) symbol indicates a statistically significant difference in 
percent cell death between the experimental surfaces of the Impact loading group and 

pooled muscle data (p<0.05). 
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Figure 3.16. Mean ± SD (%) zonal cell death for all experimental impact loaded surfaces. 
The (*) symbol indicates a statistically significant difference in mean cell death between 

zones of the experimental femur or patella (p<0.05). 
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Figure 3.17 Mean ± SD (%) zonal cell death for all contralateral control surfaces from 
the impact load group. The (*) symbol indicates a statistically significant difference in 

mean cell death between zones of the femur or the patella (p<O.05). 
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Figure 3.18. Mean ± SD (%) zonal cell death for experimental impact loaded femur, and 
contralateral control femur. The (*) symbol indicates a statistically significant difference 

between experimental zone cell death and control zone cell death (p<0.05). 
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Figure 3.19. Mean ± SD (%) zonal cell death for experimental impact loaded patella, and 
contralateral control patella. The (*) symbol indicates a statistically significant difference 

between experimental zone cell death and control zone cell death (p<0.05). 
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Figure 3.20. Mean and peak pressure (MPa) data (Mean ± SD) for all four loading 
protocols. The (#) symbol indicates a statistically significant difference between the mean 
pressures of Group 3 compared to Group 1/2 and the Impact load group (p<O.05). The 
(*) symbol indicates a statistically significant difference between the peak pressures of 

Group 3 compared to Group 1/2 and the Impact group (p<O.05). 
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Figure 3.21. Mean ± SD contact area data (mm2) for all loading groups. The (#) symbol 
indicates a statistically significant difference between the mean contact area of Group 1/2 
and the Impact load group (p<O.05). The (*) symbol indicates a statistically significant 
difference between the mean contact area of Group 3 compared to Group 1/2 and the 

Impact Load group (p<O.05). 
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Figure 3.22. Mean ± SD (ms) time to peak pressure data for all loading protocols. The (#) 
symbol indicates a statistically significant difference for the time to peak pressure 

between Group 1/2 and the Impact loading group (p<0.05). The (*) symbol indicates a 
statistically significant difference between the time to peak pressure for Group 3 

compared to Group 1/2 and the Impact loading group (p<0.05). 
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3.4 Discussion 

The muscle-induced loading protocols used in this study were chosen because they 

required maximal exertion of the hind leg extensors of the New Zealand white rabbit. It 

was thought that if a muscle-induced load was going to create an increase in cell death, it 

would have to occur with the maximal force that can be produced by the muscles. This 

was the reasoning behind the development of the loading protocols for Groups 1 and 2, 

both of which used maximum contractions. Group 1 received a single maximum 

isometric contraction for 10 seconds, and Group 2 received sets of maximum isometric 

contractions. We also used a long duration (15 min), intermittent loading protocol to 

determine if a low level (20% of maximum), intermittent load could cause cell death. 

The loading used in Group 3 was also maximal in the sense that it was the maximum 

force rabbits could maintain for the 15 minute loading protocol. The thinking behind this 

loading protocol was that possibly fluid flow out of loaded areas may accumulate with 

the intermittent loading, and eventually get to the point where the loading is mostly taken 

up by the cartilage matrix, and so may become damaging. 29 

The impact load of 5 joules was based on the work of Haut et al. 12 who showed that a 

load of 6.3 joules caused softening of the retropatellar articular cartilage, as well as 

surface fissuring. 12,13 The load used in this study was of a slightly lower energy, because 

we wanted to avoid subchondral bone fracturing, as had been observed at impact energies 

above 6.3 joules. 12 

For all three muscle-induced loads, no increase in cell death above control levels was 

observed (Figure 3.14 and Table 3.2). This supports our hypothesis that loads of a 

physiological magnitude and duration (i.e. through muscular contraction) are not 
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damaging in terms of cell death in the in-vivo joint. This contradicts the results of many 

in-vitro explant studies that have shown large amounts of cell death with loads in and 

around the physiological range. 24-27,29,34.37 Kurz et al.25 found 17 % cell death in explants 

loaded to 24 MPa at a strain rate of 1 and Krueger et al.27 found 27 % (low rate 1 s to 

peak) and 18 % (high rate, 50 ms to peak) cell death with a load of 30 MPa. These two 

studies illustrate the large amounts of cell death found with loads comparable to those 

attained in our maximal muscle-induced loads. Duda et al.34 found 15-20 % cell death 

with an impact load of 4 MPa. This study shows substantial cell death for a load that is 

approximately 6 times less than was attained in our maximal muscle-induced loadings. 

It is believed that the cell death seen in these in-vitro studies is due to a combination of 

the explant preparation, the loading, boundary conditions and culturing methods that are 

used for the procedures. Explants are typically prepared by removing a plug of cartilage 

from a joint and removing the underlying bone. It has been suggested that the 

subchondral bone provides protection to articular cartilage in terms of absorbing loads. 

27,33,34 Removal of a plug of cartilage from an intact joint surface creates artificial 

mechanical boundary conditions. These artificial boundary conditions allow for an 

increased flow of fluid out of the explant upon loading. This in turn causes the 

extracellular matrix and chondrocytes to be subjected to a greater percentage of the load 

than would be expected in the intact joint.24'26 This type of fluid movement is suggested 

by the results of explant studies using several strain rates with the same final load.24'26 In 

these studies, it is thought that slow strain rates allow for increased fluid efflux from the 

loaded area compared to high rates. This efflux results in an increase in the load bearing 
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role of the extracellular matrix and chondrocytes, and may cause a corresponding 

increase in cell death in explants subjected to slow compared to fast rates of loading. 24,26 

In all of the control samples, there was a baseline cell death rate of approximately 9% 

(Figure 3.14 and Table 3.2). The cell death seen here is thought to be a result of the 

tissue harvesting procedures. Sectioning and removal from the subchondral bone 

inevitably causes some cell death. Kurz et al.25 showed considerably less cell death in 

control explants than was seen in this study. They used a method of determining cell 

death where they excluded any cells on the perimeter of their sections as well as those 

surrounding any gross fissures or disruption. It is believed that these methods gave them 

an unusually low baseline of cell death in comparison to this and other studies. In the 

literature, where a percentage of cell death is given for controls, control explants show 

between 5 and 10% cell death.24'29'34'4' Our results are in line with those findings. It 

would be ideal to have a baseline level of cell death that is equal to that which occurs 

naturally (no cell death?). One method that may allow for attainment of more natural cell 

death levels may be to inject the cell viability stains directly into the intact joint capsule. 

After adequate staining time, the joints could be opened and placed in a PBS solution to 

allow for washing of unused ethidium bromide and SYTO 13. Sections could then be 

attained that were already pre-stained, which may allow for retention of natural or more 

accurate cell death levels. To our knowledge, this method has not been reported in the 

literature. 

A 12-15 % increase in cell death was seen when comparing the experimental surfaces 

from the impact loading group to the muscle-induced loading pooled data (Figure 3.15 

and Table 3.2). When comparing the mean and peak joint contact pressures between the 
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maximal muscle-induced loads and the impact load, no significant difference was found 

(Figure 3.20). Since the mean and peak pressures of the maximal muscle-induced load 

groups and the impact load group were not significantly different, it is believed that the 

non-physiological nature of the time to peak load in the impact loading group was 

responsible for the significant increase in cell death above reference values (Figure 3.14). 

The time to peak pressure was 226 ± 57 ms for the maximal, muscle induced loads and 

2.7 ± 0.45 ms for the impact loading group. This is approximately an 80 fold difference. 

The single Impact load used in our study may be interpreted as simulating an acute joint 

trauma such as might occur in a sports injury or car accident. It has been suggested that 

acute injuries such as these are associated with the development of osteoarthritis. 46 

Osteoarthritic cartilage has been shown to have decreased cellularity compared to normal 

cartilage. This decrease in cellularity has also been documented in cartilage as it ages. 47 

The decrease in chondrocyte density, or chondrocyte numbers, seen with osteoarthritis 

and age, may indicate a reduced ability to maintain and repair the ECM in response to 

injury or increased loading. It has been proposed that decreased cell viability is one of 

the critical factors determining the response of articular cartilage to load or injury. 47 The 

decrease in cell viability seen in the Impact loading group may show the beginning of 

changes in the patellofemoral joint cartilage, that will eventually lead to the onset of 

osteoarthritis. The development of early stage osteoarthritis following an impact load 

was shown by Newberry et al .49 Here, a single blunt impact of 570 N was administered 

to the rabbit patellofemoral joint (1.33 kg mass from 0.46 m), followed by 10 minutes of 

daily exercise at 0.3 mph on a treadmill for up to 12 months. 49 Impacted cartilage had an 

instantaneous modulus that was significantly less than controls. 49 The impacted cartilage 
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was also significantly thinner than controls, and histological analysis indicated early stage 

osteoarthritis.49 It can be speculated from the results of our study, that an initial decrease 

in chondrocyte viability due to the impact load, may have resulted in the early stage 

osteoarthritis seen by Newberry et al .49 after 12 months. 

Cell death in the impact loaded group increased from the superficial to the deep zone 

(Figure 3.16), and was much greater than cell death observed in the control group (Figure 

3.18 and 3.19). We do not know why cell death increased from surface to bottom of the 

articular cartilage, but the following considerations seem warranted. Many in-vitro 

studies have noted that high rates of loading cause surface fissuring, and cell death near 

or adjacent to these fissures, or in the superficial zone. 24,27,30 These studies all used 

explants removed from the subchondral bone. Using osteochondral explants, Jeffrey et 

al.35 showed that attempts to reproduce the amount of damage found in explants removed 

from the subchondral bone resulted in damage to the bone rather than to the cartilage. 35 

Jeffrey et al .35 did not analyze zonal cell death. The mechanisms behind the zonal 

differences in cell death are not known. However, it may be that the superficial zone 

chondrocytes are more robust in withstanding loading than chondrocytes located deeper 

in the tissue. Another possibility could be that impact loads are not absorbed or 

dissipated by the superficial cartilage zone, but are transmitted to the deeper zones and 

the underlying bone, as suggested by our results and those by Jeffrey et al.35. Further 

support for this theory can be found in the paper by Wu et al.48 Using a homogeneous, 

isotropic model Wu et al.48 modeled the effects of compressing an explant by 15% at a 

constant rate during a 30 second period. It was found that early on in the loading period, 

fluid pressure was very localized in the superficial zone, but was distributed over a wider 
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region in the deep zone. 48 Another noteworthy result was that Average fluid pressures in 

the chondrocytes were 66 % higher in the deep zone compared to the surface zone, at the 

end of the 30 second loading. 48 When extrapolating results from such a model one must 

be careful, since the model is only a simplified version of the natural tissue. The results 

of this model seem to show that loads may be transmitted to the deeper zones of cartilage 

in a way that may result in the cell death that we have observed. However, since a 

homogeneous isotropic model was used, the modeled results may not accurately show 

what happens in natural cartilage. 

In explant studies, in which slow and fast loading rates were compared, it has been shown 

that slow rates of loading produce more cell death than fast rates of loading.24'26'27 In-

vitro explant models, and the in-vivo environment are very different situations, making 

the transferability of results from explant studies to the in-vivo situation questionable. As 

has been previously mentioned, leaving the subchondral bone on explants has been 

shown to have a protective effect for loaded cartilage. 27,33,34,35 The artificial boundary 

conditions of explants may allow for increased fluid efflux from loaded areas compared 

to the in-vivo situation. This efflux is especially evident during slow rates of loading, and 

results in increased cell death.24 It is thought that having an intact joint has a similar, but 

magnified protective effect in terms of loads, and loading rates, to that seen when 

subchondral bone is retained on explants. It is thought that loading at a physiological 

rate, such as the muscle induced loading used in this study, may not be long enough in 

duration to be damaging in terms of cell death in the in-vivo situation. A much slower 

strain rate than was seen in this study and some explant studies, is needed to cause 

damage in terms of cell death in an intact healthy joint. According to the results from 
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explant studies, high rates of loading are not as damaging in terms of cell death when 

compared to slow rates of loading. The distribution of cell death was less uniform after 

high rates of loading, with the majority being in close proximity to surface fissures. 24,26,27 

It is thought that the increased cell death seen in our impact group is due to the extremely 

high rate of loading. This seems to contradict what has been shown in the in-vitro 

literature. However, this is not necessarily the case. The high rate of loading in the 

impact group was non-physiological, whereas, the slow rate of loading in the maximal, 

muscle-induced loading groups was within the physiological range. If an extremely slow 

rate of loading was used, with the same final peak loads as seen in the maximal muscle-

induced load groups, it is thought that cell death would be elevated above that seen for 

the impact group due to fluid efflux from the loaded areas. 

Another hypothesis for the cell death seen with the impact loading is that the movement 

of the patella during loading may not be physiological. When the knee joint is loaded 

using muscle force, the patella is pressed axially into the femoral groove, but there is also 

a certain amount of sliding that was seen to occur toward the proximal end of the .femoral 

groove with the joint angle used in this experiment. This movement of the patella was 

noted in a similar experiment using the patellofemoral joint of the cat. 49 Here, holes were 

drilled into the patella, to allow for marking of the initial (relaxed muscles) and final 

(contracted muscles) position of the patella using a 0.1 mm diameter probe, on Fuji 

pressure sensitive film. 49 Mean displacements in the proximal direction ranged from 2.3 

± 0.11 mm to 2.83 ± 0.15 mm for the two animals where displacement was measured. 49 

This sliding, or shearing, that is created during muscle contraction could possibly 

dissipate some of the load in the form of a shear load. The impact load was performed so 
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that only an axial load was delivered, or as close to axial loading as could be attained 

with the set up. Having limited load dissipation due to shearing may be another 

mechanism that possibly could have been responsible for, or helped create the increase in 

cell death seen above reference values. 

Cell death (necrosis) was chosen as the target measure in this study for several reasons. 1) 

The TTJNEL assay, which is the established apoptosis detection method, has been shown 

to falsely label cell necrosis as being apoptotic.29 It was also found that the TUNEL 

assay positively stained cells from freeze/thawed cartilage that where clearly necrotic .29 

In a study of hepatocytes, Grasl-Kraupp et al.51 saw a similar TUNEL-positive reaction in 

necrotic hepatocytes. 2) It has been shown by several investigators that necrosis occurs 

before apoptosis in mechanically loaded explants.24'29 It was also hypothesized that 

apoptosis may be an end result of the necrosis seen, due to the fact that apoptosis does not 

occur until after necrosis. 24,29 Some byproduct of the necrosis process may stimulate 

apoptosis in cells that were undamaged due to the loading. 24,29 For these reasons, it was 

thought that determining cell death (necrosis) was a more accurate measure of cell 

viability than determining apoptosis. 

The methods for staining for cell death (necrosis) were chosen based on the 

literature.52'53'54 Animals were allowed to recover for twenty-four hours post loading 

before cell death was determined. This recovery period was based on. evidence that the 

vast majority of chondrocyte necrosis should occur within a 24 hour time frame. 24,27,29 

Using ethidium bromide and SYTO13 as the cell death stain was based on previous work 

by Dr. Kenneth Muidrew at the University of Calgary. This work showed that these 

stains were effective markers of chondrocyte necrosis.52'53 It has also been shown in a 
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study comparing several cell necrosis staining techniques, that the ethidium 

bromide/S YTO 13 stain allows for highly effective quantitative assessment of in-situ 

cellular viability. 54 In comparison to the use of FDA as the live cell stain, SYTO 13 

staining is more resistant to photobleaching, and does not leak fluorescent material from 

intact cells. 54 

No other measures of cartilage damage/degeneration were looked at because it is felt that 

chondrocyte viability may be one of the controlling factors in determining the onset of 

osteoarthritic conditions, and that other measures may be directly influenced by cell 

viability. 47 Measurement of biochemical production and release (NO, and GAG) was 

attempted in a pilot study with limited success. This pilot study used a lower magnitude 

loading, and did not show any significant effects on NO production and GAG release. 

The methods for obtaining such measurements involve taking cartilage samples from the 

joint surfaces and incubating them in medium for a predetermined period of time, and 

taking medium samples at different times. 23-26 It is our belief that the less time the tissue 

spends in culture, the less likely results will be influenced by removal of tissue from its 

native environment, and unforeseen ex-vivo degradation. Biomechanical properties of 

the cartilage were not obtained because it was felt that doing so would compromise the 

cell death results. It was thought that the extended period of time the samples would have 

had to spend outside of the joint to do such tests, could have influenced cell death levels. 

In most cases, a separate set of animals/tissue samples would have been required to 

perform these, or other additional tests, because of incompatible techniques, lack of tissue 

samples, and not wanting to adversely influence cell death measurements. 
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The advantages of our in-vivo method over the traditional in-vitro model are: 1) The 

articular cartilage was not disturbed from its natural environment until harvesting for 

viability staining, and 2) Loading occurs in a physiologically relevant way. The 

disadvantages are: 1) direct measurements of joint pressures and contact areas were not 

obtainable for the groups analyzed for cell death, and 2) due to individual differences in 

joints, and muscle strength, loadings are not exactly the same from subject to subject. It 

is felt that the use of Fuji prescale pressure sensitive film in a separate group of subjects 

gives an accurate representation of what the loading magnitude and area were in the 

experimental loaded joints. Therefore, the first limitation is thought to be only a minor 

one. The second limitation could be resolved by using a loading protocol that is not 

controlled by muscle activation. This could be done by somehow creating a secure 

interface between a loading device such as an Instron materials testing machine, and the 

intact joint, perhaps by securing the patella in a way that does not disturb joint integrity. 

This would allow for load duration, rate, and magnitude to be directly controlled. The 

inability to control the load area may have to be an unavoidable limitation. At present 

there does not seem to be any means of controlling this variable with the in-vivo 

protocols used in this study. 

Arthritis in all its forms is quite possibly the largest cause of disability in North America.4 

The stages of this disease have been described in detail, but many questions still exist 

about its pathogenesis and the sequence of events leading to its development. It is 

thought that abnormal or traumatic loading can lead to the development of arthritis. To 

date the majority of research in this area has been performed using an in-vitro explant 

model. These in-vitro studies suggest that loads of a perfectly physiological magnitude 
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can cause substantial cell death, a result that seems highly unlikely for the in-vivo 

situation. Duda et al.34 found 16.8 % (0.1 sec to peak) cell death with a load of only 4 

MPa, and Kurz et al .25 found 17 % cell death with a 24 MPa load (strain rate = 1 s'). The 

relevance of such studies to the in-vivo situation is questionable. In order to understand 

articular cartilage adaptation or degeneration, it is essential to know the biological 

response to physiological loading conditions. In this study, we showed that in the intact 

in-vivo situation, acute physiological loading does not result in an increase in cell death, 

but that loads of the same relative magnitude can be damaging if they are administered at 

a non-physiological high rate (impact). Additional in-vivo studies are needed in order to 

increase the body of knowledge with respect to loading of intact joints, and its 

relationship to osteoarthritis. 

3.5 Significance 

The research conducted for this thesis provides new information in the area of in-vivo 

loading of articular cartilage and its effects on chondrocyte necrosis. This thesis is the 

first to use in-vivo physiological, and impact loading, and look at the subsequent results 

in terms of cell death. It is hoped that this new information helps shed light on the ability 

of chondrocytes to withstand loads in an intact joint. More importantly, it is hoped that 

this thesis is a stepping stone for further studies looking at in-vivo loading of articular 

cartilage. 
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3.6 Future Directions 

This thesis was aimed at 1) establishing a method for the non-invasive, high level, and 

consistent loading of the intact rabbit knee while continuously monitoring and controlling 

the amount of loading, 2) testing the effects of physiological type loadings on 

chondrocyte viability, and 3) testing the effects of a non-physiological impact loading on 

chondrocyte viability. The study was the first to attempt all three of the aforementioned 

aims. The results show that a new direction must be taken in the area of loading of 

articular cartilage. This new direction should focus on the area of in-vivo loading. 

Therefore, future work should be done in the area of in-vivo loading, in order to 1) 

advance the techniques of the loading protocol to allow for more direct control of load 

rate, magnitude, and duration and to improve measurements of load magnitude and load 

area, 2) look at the mechanical effects of in-vivo loading on articular cartilage, and 3) 

look at different physiological and biochemical reactions. 
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