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ABSTRACT OF THE THESIS 
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by 

 

Iliya Goldberg 

 

Master of Science in Bioengineering 

University of California, San Diego, 2012 

Professor Robert L. Sah, Chair 

 
 

Osteoarthritis (OA) is a disease characterized by the gradual degeneration of 

articular cartilage, however the onset and early progression of OA are difficult to 

predict and diagnose. Abnormal joint movements and laxity as a result of an anterior 

cruciate ligament (ACL) tears have been determined as a major cause of posttraumatic 

OA in the knee. This thesis aims to further understanding the early structural, cellular 

and matrix alterations that occur after trauma to the ACL.  

Rabbits that underwent ACL transections (ACLT) were sacrificed four weeks 

after surgery and their knees harvested. Selected sagittal knee sections were chosen 

from regions most prone to cartilage degeneration as determined by images of india 

ink retention and previous ACLT studies. The three quantitative polarized light 



 

x 

microscopy (qPLM) parameters include parallelism index (PI), which corresponds to 

the local anisotropy of the collagen fibers, α, which corresponds to the group-averaged 

orientation of the fibers, and Γ, the optical retardance based on the birefringence signal 

from the collagen. qPLM parameters and standard histochemistry were used to 

characterize the cartilage zones, based on the collagen network organization, in the 

non-operated samples and compared to the ACLT knees. Higher qPLM weighted 

scores, based on zonal area, a greater number of chondrocyte clusters and clones, a 

reduction in proteoglycan content in superficial and middle zone, and an increase in 

surface irregularities were noted when comparing the non-operated controls to the 

ACLT knees. Lastly, correlations between the overall qPLM area-weighted score and 

deep zone subscores with proteoglycan content were determined.   
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CHAPTER 1 

INTRODUCTION 

1.1 General Introduction to the Thesis 

 The main focus of this project is to investigate the structure of articular 

cartilage in the knee following an anterior cruciate ligament transection (ACLT). The 

overall motivation is to develop a better understanding of the mechanisms that are 

involved in early articular cartilage alterations following an ACLT. With this 

knowledge, we hope to enhance the prevention, diagnosis and treatment of cartilage 

degeneration following an ACLT.  

It is believed that there are three potential mechanisms that are the main 

contributors to the cartilage degeneration seen in individuals after an ACLT. The 

physical (mechanical) mechanism, in which injurious loading leads to superifical wear 

and loss of tissue; the cellular mechanism, by which chondrocytes actively alter 

pericullular matrix structure by increasing catabolism, decreasing matrix synthesis, 

and/or undergoing necrosis; and lastly, the biochemical mechanism in which the 

matrix enzymes sequestered in the matrix are activated and cause wide-spread matrix 

degradation [1-3].  

The objectives of this work are to (1) characterize regional variations in 

quantitative polarized light microscopy (qPLM) parameters of the medial femoral 

condyle (MFC) - proximal-distal variation in the medial compartment of the MFC, 
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from non-operated rabbit knee joints and, (2) characterize and quantify differences in 

histochemistry and qPLM zonal structure of ACLT, where the zones are defined based 

on collagen network organization, and contralateral non-operated controls and, (3) to 

correlate qPLM parameters with cellular and matrix alterations, identifying patterns 

consistent with early biological/physical mechanisms of degeneration.  

1.2 Structure, Composition, and Function of Ar ticular  Car tilage 

Articular cartilage covers the ends of long bones and serves as a wear-resistant 

surface that distributes the loading on the joint. In addition, it also provides a low-

friction surface to allow for a dynamic joint movement. Cartilage consists mainly of 

water (~70%), collagen, proteoglycans and chondrocytes. Cartilage contains 

aggrecans, molelcules that consists of a core protein, surrounded by a large number of 

negatively charged glycosaminoglycans (GAGs), which primary consist of keratin 

sulfate (KS) and chondroitin sulfate (CS). The chains are negatively charged due to 

the presence of sulfate and carboxylate groups, and, hence the chains repel one another 

upon swelling at a physiological pH of around 7.4. This swelling capability of 

cartilage, in combination with the intricate collagen network, allows it to possess high 

tensile and shear stiffness properties as well as the ability to withstand high impact 

stresses in vivo [4].    

Cellular as well as matrix features in articular cartilage depend on zonal 

location, separated into three distinct zones: superficial, middle and deep [5]. In the 

superficial zone (SZ), the cells have a flattened morphology and are clustered together 

in a chain formation parallel to the articular surface [6] and exist at a higher density 

than in the middle zone (MZ) and deep zones (DZ) [7]. Furthermore, the cells in the 

MZ and DZ have been shown to proliferate at a faster rate than the cells in the SZ [8, 
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9]. The alignment of the collagen fibers varies between the three zones. In the SZ, the 

collagen fibers are aligned parallel to the surface. Furthermore the GAG content in the 

SZ is lower than in the MZ and DZ [5]. The MZ, the layer separating the SZ and DZ, 

consists of spherical cells that are randomly distributed and also contain a random 

orientation of the collagen fibers. In the DZ, the cells are columnar in shape and are 

sparsely distributed (Fig. 1.1) and the collagen fibers are aligned perpendicular to the 

articular surface [10].  The DZ integrates with the calcified cartilage and is separated 

from the subchondral bone by the tidemark [11].    

The biochemical composition of cartilage allows for various unique properties 

that are essential for dynamic load bearing. The higher GAG content in the tissue 

provides an increased compressive modulus, and hence, the MZ and DZ have a higher 

compressive modulus than the SZ [12]. Similarly, the alignment of the collagen fibers 

correspond to the tensile strength seen in the cartilage, and, hence a higher tensile 

strength is noted in the SZ and DZ as compared to the MZ, where the collagen fiber 

alignment is random [13]. Another important property of the joint is its lubrication 

properties allowing for a low coefficient of friction. The PRG4 gene encodes for 

various boundary lubricants that provide the lubrication of the joint. The highly 

homologous molecules that the PRG4 encodes for include the Superficial Zone Protein 

(SZP), which is secreted by chondrocytes in the SZ; synoviocytes and meniscal cells, 

lubricin, megakaryocte stimulating factor, and proteoglycan 4 [14] [15]. 
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 Figure 1.1:  3-dimensional histology of adult human articular cartilage, with 
demarcations of the classical zones and features thereof. Pictorial representations of 
the cellular morphology and collagen fiber orientation (left) and the organization of 
the collagen network, glycosaminoglycans (GAG) and cells are depicted (right). 
(Adapted from [11]). 
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1.3 Potential Mechanisms for the Degeneration of Articular 

Cartilage 

Cartilage degeneration, which often results in osteoarthritis, is associated with 

various classical changes that occur within the cartilage composition and ultrastructure 

[16-18]. The three general mechanisms that contribute to cartilage degeneration 

include a cellular, biochemical and mechanical mechanisms [19-21] (Fig 1.2). While it 

is apparent that the properties of the articular cartilage become inferior after the onset 

of degeneration, the direct mechanisms by which early OA is initiated and progresses 

remain unclear [22-24].      

 Biomechanical wear may be the key contributor to the development and 

progression of OA. The weakening of the cartilage surface may lead to cell necrosis 

and apoptosis, and hence the disruption of the tissue homeostasis [25, 26]. 

Furthermore, the mechanical wear may be a direct factor to physical disruption of the 

collagen fibers on the articular surface which would contribute to the degeneration of 

the cartilage[27]. The other potential mechanism that may lead to OA is the enzymatic 

degradation of the collagen network and PG aggregates, as the weakening of the 

matrix molecules may compromise the integrity and stability of the articular cartilage 

[28].   

During abnormal loading on the joint, such as during an ACL tear, the initiator 

of mechanical weakening in the superficial zone of the cartilage may be the 

mechanically-induced change to the collagen network structure [29]. As a 

consequence from the disruption of the matrix, there may be a cellular response as 

well as an enzymatically-induced degradation of the matrix [26]. Furthermore, the 

mechanical stress may promote cell death and disorganization in the cartilage [30]. 
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Cell apoptosis rate increased from 7% to 33% when compressive forces of 20±1 MPa 

were applied to the bovine cartilage explants [31]. The mechanical disruption may also 

contribute to the enzymatically induced alteration of ECM[32]. Primarily, the 

fragmentation of PG aggregates as well as the denaturation of the collagen network 

may lead to the release of proinflammatory cytokines and proteases by chondrocytes 

and synoviocytes [33] . Consequently, these changes in the microenvironment caused 

by mechanical loading may further cartilage degeneration and eventually result in 

osteoarthritis. 

1.3.1 Mechanical Mechanism Contribution to the Degeneration of Articular 

Cartilage 

The mechanical properties of articular cartilage on the femoral condyles are 

highly site and depth-specific as some regions are more weight-bearing than others 

[34-37]. Furthermore, these mechanical properties are also highly dependent on the 

collagen network organization at the surface as well as the structure of the collagen 

and the glycosaminoglycan concentration in the extracellular matrix of the articular 

cartilage [38, 39]. While it is known that the tensile strength and stiffness of the 

articular cartilage diminishes with age, the exact mechanism by which this occurs still 

remains unclear [40].   

1.3.2 Biochemical Mechanism Contribution to the Degeneration of Articular 

Cartilage 

The breakdown of PGs and collagen in the cartilage may be mediated by 

various cytokines and proteases. Interleukin-1 (IL-1), an inflammatory cytokine, has 

been shown to promote the cleavage and denaturation of type II collagen by increasing 

the synthesis and secretion of collagenase from synocyiocytes, chondroytes and 

fibroblasts [41-43].  Collagenases are enzymes that provide site-specific cleavage of 
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the peptide bonds in helical collagen and are a part of a family of zinc-dependent 

endopeptidases known as metalloproteinases (MMPs) [44]. A few studies have noted 

that an increased cleavage of type II collagen by collagenases in articular cartilage and 

demonstrated higher levels of collagenase -3 (MMP-13) and neutrophil collagenase 

(MMP-8) [45]. Furthermore, IL-1 has been shown to induce PG degradation via the 

synthesis of matrilysin (MMP-7) [46]. MMP-7 has a high specific activity for 

degradation proteoglycan and aggrecanases via a specific cleavage of the C-terminal 

fragments from aggrecan [47].  

Another family of enzymes, ‘a disintegrin and metalloproteinase domain with 

thrombospondin motifs’ (ADAMTS), has been shown to mediate aggrecan breakdown 

[48]. Aggrecan is a main component of the cartilage ECM and provides compressive 

resistance to the tissue, its degradation may be a potential mechanism leading up to the 

development of OA[49]. Specifically, ADMATS-4 and ADMATS-5 proteases are 

responsible for the degradation of aggregan in the human OA model by cleaving 

soluble aggrecan at the Glu373–Ala374 site [50, 51]. While enzymatic and 

biochemical activity has been noted in degenerating cartilage, its overall effect on the 

weakening of cartilage prior to the development of OA is still debated.  

1.3.3 Cellular Mechanism Contribution to the Degeneration of Articular 

Cartilage 

 The loss of tensile strength in cartilage may be linked to cell death, 

organization and density, which alter with age and can be exacerbated by an injury 

such as an ACL tear[52]. Past the age of forty, cell density in the SZ of articular 

cartilage in the femoral condyle is reduced at a rate of 6.3% every ten years, although 

there is significant variation with depth and site [25]. With fibrillated cartilage, the 

cellular density is even lower although it is still unclear as to whether it is a 
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consequence of cell death or a direct loss of cartilage tissue [53]. Due to a decrease in 

cell density, the matrix domain of a single chondrocyte may increase. With greater 

gaps between matrix domains, cartilage remodeling becomes more problematic in the 

removed interterritorial matrix [54].        

 Chondrocyte organization is also altered with the cartilage degeneration [55]. 

In regions of fibrillation and fissuring, there is a significant loss of chondrocytes in the 

SZ as well as the formation of large cells clusters. These cell clusters are shown to 

increase in number but decrease in size with aging [56]. This clustering response is 

assumed to be linked to the tissue repair mechanism that, in combination with the 

reduction in the proliferative activity, is compromised [56]. These notable disruptions 

in the metabolic homeostasis of cartilage as well as alteration in the cellular density 

and organization may be key contributors to the weakening of the matrix structure and 

biomechanical inferiority that is seen in early signs of OA [57].      
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Figure 1.2: Potential mechanisms for the degeneration of cartilage including a 
physical, biochemical and cellular mechanisms which lead to structural and 
organizational alterations in the articular cartilage. Alterations in mechanical 
loading lead to structural changes due to wear on the articular cartilage surface. 
When inactive proteases (Proteasei) become activated (Proteasea), the cleavage of 
the collagen fibers leads to a disruption of the collagen network and anisotropy. 
Cell apoptosis as a result of altered loading leads to a reduction in matrix synthesis 
and reduced cellularity.   
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1.4 Osteoar thr itis in Animal Models 

 Rabbits have long been used as an osteoarthritis model because of their relative 

size, as well as cellular and structural cartilage properties [58]. Surgically induced 

instability was developed in rabbits in which cartilage lesions were induced 

resembling those seen in humans [59].. The earlier models involved transection of the 

medial collateral ligament, medial meniscus, and transection of both the cruciate 

ligament in knee joint [60].The progression of osteoarthritis can be observed by 

gradual changes in morphology, histopathology and biochemistry of the articular 

cartilage in the rabbit knees [58]. Degeneration is often observed in the weight-bearing 

regions of the articular cartilage [34]. Some of the common observations involve early 

chondrocyte death and clustering as well as surface fibrillations in the superficial zone 

which eventually develop into fissures and sclerosis in the subchondral bone [60]. 

 More recently, an anterior cruciate ligament transection model has been 

developed in dogs and adapted to rabbits [58]. The ACLT model shows a wider 

spectrum of cartilage lesions than the meniscectomy rabbit model in the load bearing 

regions of the cartilage. Furthermore, the histological lesions present in the ACLT 

model are more extensive throughout the joint cartilage than in the meniscectomy 

model, and hence, it is a more appealing model when evaluating structural changes 

that occur during cartilage degeneration and osteoarthritis [60].  

 The typical structural alterations resulting from ACLT extend perpendicular 

from the articular surface and are location and orientation dependent [34]. Hence, it is 

crucial to establish a standard, reproducible cutting method to obtain consistent rabbit 

osteochondral serial sections from defined, reproducible planes/locations  that 

encompass both areas of degenerated and preserved cartilage, and in which weight-

bearing and non-weight bearing regions can be defined [34]. 
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1.5 Quantitative Polarized Light Microscopy in Assessing Cartilage 

Structure 

1.5.1 Polarized Light Microscopy Technique 

When polarized light is reflected or transmitted through a birefringent material, 

possessing two different indices of refraction in mutually orthogonal planes, its 

polarization is altered. In articular cartilage, the incident polarized light interacts with 

the valence electrons of the collagen fibrils and leads to a shift in polarization 

direction and a phase delay between the two orthogonal waves leaving the cartilage 

specimen; these waves carry the birefringent information that can be linked to the fiber 

structure [61]. Quantitative polarized light microscopy (qPLM) is a tool that can be 

used to investigate the birefringence signal arising from collagen in various biological 

tissues [62]. qPLM has been especially useful in investigating the anisotropy and fibril 

orientation in articular cartilage (AC) [63-67]. By varying the sample orientation 

between crossed polarizers, collagen-containing regions within the cartilage section 

produce orientation-dependent birefringence signal that encodes structural information 

averaged over the tissue volume. 

In order to determine the collagen network structure in articular cartilage, it is 

important to quantify the dependence of birefringence signal on sample orientation 

with respect to incident polarization [68]. In qPLM, this quantification is often 

accomplished by repeated imaging of a sample while rotating the microscope 

polarizing elements. The maximum signal intensity relates to the optical retardation of 

the incident beam by the sample; the amplitude of the signal variation with polarizer 

angle relates to the optical (and structural) anisotropy and can be quantified by the 

parallelism index (PI); and the phase shift of the signal versus polarizer orientation 

characterizes the orientation of the fibers, α, in the birefringent specimen [62]. With 
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the use of digital imaging analysis and the knowledge of the non-linear relationship 

between light intensity and optical retardation (Γ), the PI, α of the collagen network 

can be determined at a given location. The relationship is based on the classical 

Fresnel’s equation [69]. Fresnel’s equation relating the intensity of incident light to 

that of the emergent light as it is altered by the birefringent signal from the specimen 

and the polarizer and analyzer of the microscope [69]. While PI and α are structurally 

more clear, Γ can be influenced by collagen network organization and other factors 

such as fibril diameter, shape, packing density of the fibers and the thickness of the 

section [61].  

One model that is widely used to study the changes of collagen network 

orientation in a depth-wise manner is the ellipse model approach. The ellipse model 

represents three qPLM properties at differing depths of cartilage: (1) the aspect ratio of 

the ellipse is scales to the PI, (2) the rotation of the ellipse is defined by the orientation 

of the fibers, and (3), the area of the ellipse corresponds to the optical retardance [61].  

1.5.2 Polarized Light Microscopy in Rabbit Articular Cartilage 

The structure and composition of articular cartilage is strongly related to its 

mechanical function and adaptation, with both age and location, and can be observed 

as a function of tissue depth [70, 71]. In another maturation study, the parallelism and 

fiber orientation in the rabbit AC were monitored at 4 and 6 weeks as well as at 3, 6, 

and 18 months to note adaptations [70]. It was noted that before the age of 3 months, 

significant changes occurred in the composition and structure of the collagen network. 

Similarly, the mechanical properties, with maturation, appeared to be highly 

dependent on these compositional and structural changes [72]. Based on their 

observation, the parallelism of the collagen fibers was inversely related to the 

mechanical properties, especially in the deep zone. During maturation, the collagen 
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fibers reoriented themselves from parallel to perpendicular with respect to the cartilage 

surface. In combination with the changes in the fiber alignment, the cartilage 

mechanical properties were also altered to increase stiffness and tensile strain [72].  

Polarized light microscopy can also be applied to studying repair tissue in 

rabbits. Previously, qPLM can be used to distinguish hyaline cartilage from 

fibrocartilage in samples that demonstrate hyaline-like characteristics using standard 

light microscopy [73]. Furthermore, differences in collagen fiber anisotropy in repair 

cartilage that were developed as a consequence of autologous chondrocyte 

transplantation were detected using qPLM [74]. However, the study of repair tissue 

often requires a quantitative score based on the quality of the cartilage repair. 

Changoor et al. developed a method where a qPLM score can be used in conjunction 

with other gold standard histological score (safranin-O, haematoxylin and eosin, etc) 

to develop a complete picture of the repair tissue quality for comparison by the tissues 

produces with different repair strategies [75].  

1.5.3 Studying Cartilage Degeneration with qPLM 

The progression of cartilage degeneration, which is often distinctly linked to 

the development of osteoarthritis, can be evaluated using qPLM techniques [67, 76]. 

An OA guinea pig model, developed by Huebner et al., studied the relationship 

between enzyme degradation of articular cartilage collagen II network using qPLM 

and the presence of PGs. It was noted that the collagen network birefringence was 

reduced beginning at 2 months of age, prior to any histological evidence of OA and 

notable PG loss. Hence, it was concluded that collagen fibril disruption could be an 

early event prior to onset of OA [76]. In a study conducted by Alhadlaq et al., early 

structural changes in the medial tibia were assessed using PLM parameters and 

microscopic magnetic resonance imaging (µMRI) in dogs that underwent an ACL 
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transection. From the anisotropy measurements of the µMRI and the corresponding 

angle images from the fiber orientation from the PLM, early structural changes in 

cartilage can be determined. The PLM assessment indicated an increase in the SZ 

thickness, as expected from the swelling of the cartilage during the degenerative state 

due to an increased water content [77, 78]. Furthermore, the PLM data indicated a 

shift in depth of the minimal retardance, which has been shown to correspond to 

regions of highly randomized fiber orientation [67]. These results are further 

supported by a similar ACLT canine study in which the superficial zone was shown to 

have a predominantly parallel fibers but with a ‘wave-like’ appearance [79].  

Early structural and compositional changes are often initial phases prior to the 

development of OA. With the use of quantitative polarized light microscopy, these 

subtle changes that occur in the cartilage collagen network can be observed [67, 80]. 

In a study conducted by Panula et al., a valgus angulation procedure was performed on 

the right tibias of beagle dogs to induce OA [67].  It was noted that the valgus 

osteotomy caused a significant reduction in the birefringence signal in the superficial 

zone and increased the total thickness of the uncalcified cartilage seven months after 

the surgery. Furthermore, the birefringence signal increased in the deep zone, which is 

believed to be a mechanism to compensate for the altered loading due to the disruption 

of the SZ zone [67]. In as similar study conducted by Arkoski et al, beagle dogs were 

exercised on a treadmill for several weeks, also showed a reduced birefringence in the 

SZ and an increased in cartilage thickness [66].  
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CHAPTER 2 
 

QUANTITATIVE POLARIZED LIGHT MICROSCOPY 
ANALYSIS OF MEDIAL FEMORAL CONDYLES FROM 
RABBITS THAT UNDERWENT ANTERIOR CRUCIATE 

LIGAMENT TRANSECTION 

 
2.1 ABSTRACT 

 
Objective. To characterize and quantify regional variations by using quantitative 

polarized light microscopy (qPLM) and histological parameters of non-operated 

medial femoral condyle in the weight-bearing and non-weight bearing regions. The 

region of analysis was restricted to serial sections from two-thirds medially in the area 

of greatest demonstrated degeneration. The (1) parallelism index (PI), (2) collagen 

fiber orientation (α), (3) optical retardance (Γ), (4) glycosaminoglycan (GAG) 

staining, and (5) cell number and organization were measured for anterior cruciate 

ligament transected rabbits and contralateral non-operated rabbit knee joints and 

compared. qPLM and histological parameters were tested for consistency with the 

following hypotheses: 1. physical wear with little cell-mediated or protease-mediated 

degeneration or remodeling; 2. physical wear + cell-mediated or protease-mediated 

degeneration; or 3. no physical wear, but cell or protease-mediated degeneration were 

evaluated.  
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Methods. Eight rabbits underwent a surgical procedure in which the anterior cruciate 

ligament (ACL) was transected in the right knee and maintaining the contralateral 

knee as a non-operated control. After the medial femoral condyles (MFCs) were 

harvested and cleaned, cryosections were obtained from the medial-lateral weight-

bearing region, where notable cartilage degeneration nine weeks post-ACL transaction 

was shown to occur [58]. Three serial sections were evaluated using qPLM, 

heamtoxylin and eosin staining for cell nuclei, and fast green-Safranin O staining for 

PG content. The non-operated and ACL transected groups were statistically compared 

for difference in collagen fiber orientation, birefringence signal, GAG presence and 

cellular number and morphology. 

Results. Contralateral control samples from the non-operated knees showed distinct 

patterns of collagen structure in adult rabbits. The parallelism of the fibers, with 

respect to each other, was high in the superficial zone, low in the middle zone and 

high in the deep zone, where the zones were defined based on the collagen fiber 

orientation. Furthermore, the orientation angle of the fibers was low (horizontal to the 

surface) in the superficial and middle zone and high (perpendicular to the surface) in 

the deep zone. Lastly, the retardance of the birefringence signal was high in the deep 

zone, further reduced in the superficial zone, and low in the middle zone. The ACL 

transected rabbit knees showed an overall higher qPLM area-weighted score when 

compared to the non-operated controls. Lastly, correlations between the Shapiro 

safranin-O subscores and the qPLM area-weight overall score, DZ area-weighted 

score and DZ raw scores were noted. 
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Conclusion. Early structural alterations that occur after an anterior cruciate ligament 

transection, localized in part to the superficial region of weight-bearing condyles, 

precede frank fibrillation and occur in the same location as cell and 

glycosaminoglycan staining loss. These initial variations in histological and qPLM 

parameters are consistent with early degeneration that precedes osteoarthritis. 

Furthermore, these findings reveal structural and histological features that are sensitive 

to degeneration and could serve as early indicators of OA and potential targets for 

therapies. 
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2.2 Introduction 

Osteoarthritis (OA) has been investigated in several small and large animal models 

using joint destabilization through an anterior cruciate ligament transection (ACLT) as 

an instigator of progressive joint degeneration [58, 82-89]. Cartilage degeneration in 

ACLT has been correlated with changes in joint articulation,  including increased 

angular displacement of the joint and increased velocity during load-bearing gait 

phases of the unstable knee [89]. Alterations in muscle activity partially compensates 

for the altered kinematics [89], but altered and increased stress is hypothesized to 

occur in articular cartilage of the unstable knee. Many ACLT animal models were 

performed in dogs in which the gross morphology and surface fibrillations were 

studied [88]. One logistical challenge to the canine ACLT model is the slow 

progression of OA, often developing as late as 54 months post-surgery [88]. However, 

the advantage of the smaller animal models (rabbits, rats) is that the onset of the 

disease is more rapid [58, 85-87]. Progressive cellular alterations are first seen 15 

days-post-operatively, with progressive matrix microstructural first detected by 4 

weeks [87]. Progressive gross morphological degeneration is observed from 6-24 

weeks post-operatively in rabbits [90]. Micro- and macroscopic degeneration is 

localized within the joint, so that some regions, such as the medial aspect of the medial 

femoral condyle, are severely affected, while other regions are spared from severe 

erosion [58]. Degeneration also varies with subject. Full thickness cartilage erosion is 

noted at 8 weeks post-surgery in approximately 56% of medial and lateral femoral 

condyles [83]. 

 ACLT leads to gradual and progressive development of OA in the articular 

cartilage that can be observed in gross morphology, biochemical, mechanical and 
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histological alterations compared to non-operated or sham-operated joints. The 

differences observed in gross morphology often involve fibrillation and erosion of the 

articular cartilage as well as formation of osteophytes [88]. Furthermore, histological 

evaluation reveals the formation of fissures and chondrocyte cloning [88]. In the 

absence of cartilage loss through wear, ACL transection results in higher cartilage 

thickness, higher water content within the cartilage and a lower proteoglycan (PG) 

content beneath the articular cartilage surface [85]. Many mechanical changes are also 

associated with early OA such as softening of cartilage, reduced contact pressures and 

increased contact areas [91]. A lower compressive modulus of  cartilage from ACLT 

compared to non-operated cartilage in canines, and ACL deficient compared to normal 

knee cartilage in humans, likely occurs due to lower PG content and higher water 

content [90]. Matrix metabolism decreases after ACLT, with higher chondrocyte 

proliferation and extracellular matrix synthesis rates nine weeks post-surgery in 

rabbits [85]. ACLT joint inflammation increases as well. Histological evaluations of 

ACLT in dogs showed an onset of synovitis at 12 weeks post-surgery, assessed from 

higher staining for synovial iron, which is an indicator of synovitis, when comparing 

ACLT and sham control dog knees [92].   

 Several histological evaluation methods are available to analyze cartilage 

degeneration, that are roughly equivalent in histological features analyzed, but that 

assign different emphases to some features. Mankin’s histological-histochemical 

grading scheme evaluates cell distribution (0-4), cartilage structure (0-8), chondrocyte 

cloning (0-3) , safranin-O staining (0-6), and lastly the integrity of the tidemark (0-1) 

for a maximum possible total score of 27 [83]. The Shapiro score is relatively similar 

to the Mankin in the sense that it also focuses on OA, however, the Mankin score was 

originally designed to evaluate human OA while the Shapiro is intended for rabbits. 
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The Shapiro score independently scores gross appearance (0-3), surface irregularities 

(0-2), chondrocyte cloning (0-3), radial zone clefts (0-2), transitional zone clefts (0-2), 

transverse clefts (0-1), cellular density (0-3) and safranin-O staining (0-3), for a 

maximum possible total score of 19 [93]. Recently, an OARSI score was suggested for 

use in histological assessment of rabbit ACLT models.  The OARSI score 

independently scores cartilage structure (0-11), chondrocyte density (0-4), safranin-

O/fast green staining (0-6), and cluster formation (0-3) for a total score of 24. 

 ACLT in rabbits creates characteristic histopathologic features which become 

more severe with increasing post-operative time [58, 83, 85, 86, 88]. In the rabbit 

ACLT model, the first alterations occur to cells by 2 weeks (15 days) post-operatively, 

in which SZ cells become disorganized and form clusters [87]. At 3-4 weeks, surface 

roughness and fibrillations were mild [87] or not different from non-operated samples, 

except for presence of small (0.36 mm2) lesions on the medial aspect of the MFC [88]. 

Furthermore, flaking of the SZ was observed as well as increased clustering of cells in 

the SZ and the derangement of columnar cell structure in the deep zone (DZ) [87]. 

Cellularity and safranin-O staining decreased. Mankin score was 6 (of 14) 3 weeks 

post-operatively [88, 94, 95]. By 8-9 weeks, lesion size tripled (to 1.1 mm2) [88], 

chondrocyte clusters, matrix fibrillations and clefts were increased, and safranin-O 

staining was reduced through the full-thickness of cartilage [85]. Mankin score was 9 

(of 14) 8 weeks post-operatively. By 11-12 weeks, there was more cartilage loss, 

elevated surface roughness, more fibrillations and clefts, reduced cellularity, and a 

reduction in PG content as indicated by a weaker safranin-O/fast-green stain [83]. At 

12 weeks cartilage degeneration remained severe,  with a Mankin score of 9.83 (of 14) 

[94]. 
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 Quantitative polarized light microscopy (qPLM) can be used to investigate 

tissue microstructure based on the birefringence signal refracted from thin sections of 

articular cartilage (AC) illuminated by polarized light [62-67]. In order to 

quantitatively analyze the collagen structure, it is important to quantify the 

birefringence signal at various orientations of the sample with respect to the 

polarization axes of illumination [68]. The amplitude and phase of this angle-

dependent birefringence signal are used to calculate the parallelism index (PI) and 

orientation (α), respectively, which represent the anisotropy and alignment direction of 

the collagen network in a birefringent cartilage sample [62]. The PI ranges from 0 for 

isotropic and 1 for completely aligned birefringent structure, while α in this analysis 

ranges from 0° for horizontal to 90° for vertically-oriented structure. The optical 

retardance (Γ) is the relative phase difference between fast and slow polarized 

components of refracted light upon exiting the sample, expressed in nanometers, and 

is calculated independently from the maximum birefringence signal and a calibration 

to convert signal intensity to the retardance [68]. The retardance is influenced by fibril 

concentration, alignment, diameter, shape, and the tissue section thickness, making the 

structural interpretation of this optical parameter difficult to interpret in isolation [61].  

The determination of cartilage zonal boundaries is critical for a robust 

assessment of zonal collagen fiber architecture. In a canine ACLT study, the zonal 

boundaries were determined by normalizing the cartilage thickness to 1, where the 

articular surface was set to 0 and the boundary between the DZ and the subchondral 

bone was set to 1 [79, 96]. In a another qPLM study evaluating the structural 

characteristics of cartilage after meniscectomy, the zonal boundaries were determined 

based on retardation profile consisting of 12 zones where the SZ corresponded to the 

first 2 retardance zones (from the articular surface), the intermediate or MZ 
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corresponded to the next 3 and the DZ corresponded to the final 7 zones [81]. Lastly, 

the zonal boundaries can also be assigned based on percentage of the overall thickness 

from the articular surface to the calcified cartilage in an even manner: SZ (0-33%), 

MZ (34-67%) and DZ (65-100%) [66]. In a recent study involving a cranial cruciate 

ligament transection in rabbit, the cartilage thickness was determined based on the 

inflection of the retardance signal, indicating the SZ of the articular cartilage, and the 

local retardance minima in the vicinity of the tide mark. The SZ zonal boundary was 

determined based on the local minima after the retardance peak [97].    

 qPLM can be used to study the onset and development of OA in various 

animal models [67, 77]. In a guinea pig spontaneous OA model, in which staining of 

collagenase degradation products was observed, the overall birefringence signal was 

reduced in the cartilage section, compared to baseline, prior to fibrillation or altered 

cell organization and number [77]. Furthermore, in an ACLT dog model it was 

determined that the SZ zone thickness was greater after 12 weeks post-surgery, most 

likely due to the swelling resulting from an increased water content [78, 79]. In 

addition to the increased SZ thickness, a shift in depth away from the articular surface 

of the minimal retardance was observed, indicating an increased randomization of the 

collagen fibers [67]. In a canine (beagle) chronic loading study it was determined that 

prolonged running led to lower SZ retardance by about 24-34% [66]. Similarly, in a 

bovine study assessing the effects collagenase on the AC, it was noted that the 

birefringence signal in the SZ was reduced from baseline by 76% after 48 hours [98]. 

In a study that used PLM to evaluate the collagen matrix integrity of human tibial 

plateau explants, birefringence signal in the deep zone was lower in the sample 

obtained from a 76 year old female with cartilage degeneration, as determined by 

analysis of histology sections with polarized light [99]. 
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This thesis aims to further investigate the mechanism by which the onset and 

progression of OA occurs after a trauma to the ACL by investigating the early 

alterations in cartilage collagen fiber anisotropy, extracellular matrix and cells. Thin 

osteochondral sections were obtained from ACLT and non-operated contralateral 

joints 4 weeks post-operatively. Three parameters were evaluated based on the 

birefringence signal: PI, α, and Γ. Using a custom-made Matlab procedure, zonal 

thicknesses were determined from non-operated controls based upon α depth variation, 

and qPLM parameters were quantified from defined regions of interest (ROIs) by zone 

and by angle along the condyle, and a differential qPLM score was calculated for each 

sample based on deviation of PI and α from global non-operated values. Furthermore, 

adjacent serial sections were stained using hematoxylin and eosin to determine cell 

and matrix features, and safranin O/Fast Green to determine proteoglycan content in 

the cartilage. Further comparisons were made between qPLM parameters, darkfield 

images, and histological scores from the non-op and ACLT groups. These patterns 

were used to distinguish differences between the ACLT and Non-Op cartilage that are 

consistent with early degeneration due to physical wear, cellular degeneration, 

protease mediated degeneration, or any combination of these mechanisms.   
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2.3 Mater ials and Methods 

Surgical Procedure. Eight female New Zealand White rabbits, 12-14 months in age, 

3.7-4.2 kg in weight were used. According to a protocol approved by the UCSD 

Institutional Review Board, unilateral ACLT were performed on the right knee of each 

animal, using a medial arthrotomy method. The animals were maintained individually in 

cages ad libitum. The animals were sacrificed 28 days after surgery to note early 

structural and compositional changed in cartilage prior to substantial degeneration that 

occurs at 9 weeks in the majority of animals [100].  

Sample Preparation. The rabbits were euthanized with 390 mg/ml of Pentobarbital 

(Euthasol) at day 28 post-surgery and the rabbit leg was harvested and frozen at -

80°C. Prior to dissection, the rabbit legs are thawed at 4°C. The thawed rabbit legs 

were mounted on a standing clamp to allow stability during dissection. The dissection 

involved removing the muscles surrounding the femur and exposing the patella (Fig. 

2.1A). After the patella was removed, the femoral condyle was immediately immersed 

in PBS+PI, pH 7.4, containing protease inhibitors (1mM phenylmethanesulfonyl 

fluoride, 2mM disodium ethylenediamine tetraacetate, 5mM benzamidine-HCl, and 

10mM N-ethylmaleimide) at 4°C.   After removing the anterior cruciate ligament, 

posterior cruciate ligament, tibial collateral ligament, and fibular collateral ligament 

with an 11 blade, the distal femur is isolated from the knee. The distal femur is fixed 

in a 4% buffered paraformaldehyde solution (20x its volume) in 50 mL containers at 

4°C.      

Low Speed cutting of Rabbit MFCs. The condyle was clamped into the isomet by 

aligning the diaphysis (femoral shaft) parallel to the cutting axis (Fig. 2.1B-C). Each 

bone was aligned by making use of surface contours and anatomical landmarks to 

standardize orientation based on 4 degrees of freedom that can be manipulated). The 
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condyle was viewed from the distal end. The position of the isomet arms was at a 45° 

relative to the base of the isomet, and the MFC and LFC was rotated to make the 

posterior condyler line parallel to the distal ends of the condyles (Fig. 2.1D-E). The 

final degree of rotation is established by ensuring that the saw blade is parallel to the 

tangent line of the cutting plane. The cuts were made at the patellafemoral grove 

transition into the MFC (Fig. 2.1F). A single cut is made on each condyle resulting in 

4 ostechondral blocks: medial MFC, lateral MFC, medial LFC, and lateral LFC, 

however, only the MFC were analyzed.  

Fixation and Delcacification of femoral osteochondral blocks. After the  femurs were 

dissected and cut with the low speed saw, they were fixed in 4% paraformaldehyde (20x 

volume) at 4°C for 48 hours. After fixation, the samples were decalcified in rapid 

decalcifier (TBD-1, Thermo Scientific, Kalamazoo, Michigan, USA) containing HCl 

for 48 hours at 4°C.  

Cryosectioning of MFCs. Prior to cryosectioning, the osteochondral blocks were 

defatted in 70% and 100% ethanol for 24 hours, respectively. The samples were then 

placed in 25% sucrose solution for 48 hours, with a change of solution, at 4°C as 

suggested by Buschmann et al[101]. The ostechondral blocks were then embedded in 

Tissue-Tek OCT compound (4583S, Cedarlane, Hornby, Ontario, Canada) and frozen 

by immersion in 2-methylbutane in liquid nitrogen. Cryosections of 10 µm were 

prepared using a Leica cryostat, Model CM3050S and collected on SuperFrost Plus 

slides.  

Quantitative Polarized Light Microscopy Analysis.  Images of the stained section 

were collected using a Polam 213-TE quantitative polarized light microscope (LOMO 

America Inc., Northbrook, IL) with a  2.5x objective (resolution of 6.6 µm, field of view 
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of 4.24 mm x 3.4 mm) and a 10x objective (resolution of 1.6 µm, field of view of 1.06 

mm x 0.85 mm ).    

A. Image Acquisition.  

Sections were hydrated in cold tap water (three quick changes, and then 2 changes 

of 3 minutes). Thereafter sections remained hydrated during imaging by adding a drop 

of water beneath a coverslip, and sections were stored at 4ºC in 4% paraformaldehyde 

in between imaging sessions. 

The birefringence signal from hydrated unstained sections was obtained using a 

Polam 213-TE quantitative polarized light microscope (LOMO) with attached Go-21 

digital color camera (Qimaging). The CMOS sensor pixel resolution was 5.2×5.2 µm, 

and captured a 2560×2048 pixel image over a field of view of 4.24×3.4 mm. 2×2 

binning created images with final resolution of 6.6 µm, comparable to the optical 

resolution created by the 2.5×, 0.05 NA (numerical aperture) objective lens. The 

articular surface from each of 16 samples was captured in 3-4 fields of view (FOV) at 

2.5x and 4-6 FOVs at 10x, each overlapping by about 10% and each aligned parallel to 

the articular surface. For each field of view, ten images were captured. Seven images 

were captured with crossed polarizers aligned at 0, 15, 30, 45, 60, 75, and 90º with 

respect to the horizontal image plane (“angle images”). Additionally, two images were 

taken with a quarter-wave plate inserted and the polarizer at 45º, with the analyzer at 

140º and 130º, respectively (“wave-plate images”). A final background image was 

recorded with sample and wave-plate removed and crossed polarizers at 45 and 135º, 

respectively. 

B. Image Processing.  

Raw images were formed into stacks of nine per field of view consisting of wave-

plate and angle images. The images were resized to 640×512 pixels and with 
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corresponding pixels exactly aligned. Background subtraction was performed on the 

angle images using the background image and then adding a constant of one to each 

pixel value, to ensure appropriate pixel calculations and modeling. The wave-plate 

images were normalized to each other with a constant scaling factor of 1.25, which 

served to increase the intensity of the less bright image. 

Pixel intensity values were then fit to the equation 

)2(sin2 ωθ ++= BAI  [1], 

where I is the pixel intensity and θ is the polarizer angle. The variables, A, B, and ω were 

obtained by performing least-square fits for the signal intensity and polarizer angles. The 

phase shift, ω, is used to calculate the orientation of the collagen network, while the 

intensity value, I, is used to calculate the parallelism index (PI) according to the 

following equation: 

)/()( MINMAXMINMAX IIIIPI +−=  [2], 

where IMAX and IMIN  are determined from the least squares fit. Comparison of quarter 

wave plate pixel intensities is used to distinguish between orientation values of 0 and 90º, 

converting θ into orientation values, α, ranging from 0 to 90 º. 

 After PI and orientation (α) values were calculated colormaps were generated for 

each field of view. The α values were corrected to be with respect to the curvature of the 

articular surface by finding the angle of surface normals of a quadratic fit to the articular 

surface, and adding the value of the normal angle of the nearest surface pixel to each α 

value. Finally, colormaps from the individual fields of view were stitched together with 

overlap regions blended from a linear combination of the overlapped pixels. 

Region of Interest Determination and Quantification. qPLM parameters were 

averaged over cartilage depth zones and regions of interest. Cartilage zones were defined 

from depth-averaged α (within a region of interest) fit to a five-parameter logistic 
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equation. The lower boundaries of the SZ and MZ were taken to be the depth at which 

the fit reached 110% of the lower and 90% of the upper plateau parameter values, 

respectively. The DZ lower boundary was defined at the cartilage-bone interface 

(cement line). Each ROI extended between zonal boundaries, perpendicular to the 

normal that was defined by a second-order polynomial best-fit to the articular surface. 

The qPLM colormaps were mapped to relative angle values at the articular surface, 

where 0° was the distal end of the condyle and 180° was the proximal end of the 

condyle, defined from the whole-condyle qPLM parameter colormaps (Fig. 2.2). The 

ROI sides were defined every 2°, from 36° to 54° (10 total ROIs). 

Histochemical Staining:  

Fast Green-Safranin O Stain: Stain quality was first optimized on test sections by 

varying the concentration of safranin-O stain in the dye solution and duration of 

staining. Sections were stained for 20 seconds in 0.04% (w/v) Fast Green (F-7252, 

Sigma, Oakville, Ontario, Canada) in water and quickly washed in 0.1% (w/v) acetic 

acid and then immersed for 5 minutes in 0.1% (w/v) safranin O (S-2255, Sigma, 

Oakville, Ontario, Canada) in water. Sections were then dehydrated rapidly in 70% and 

100% graded ethanol for 30 seconds, respectively, and quickly dipped in citrisolv (22-

143-975, Fisher Scientific, St-Laurent, Quebec, Canada). Lastly, the slide was mounted 

with a coverslip using Permount mounting medium (SP15-100, Fisher Scientific, St-

Laurent, Quebec, Canada).   

Hematoxylin and Eosin Stain: Sections were incubated in 0.06% Gill 3 Formula 

hematoxylin for 1 minute and in Scott’s Bluing reagent for 30 seconds, and dipped twice 

into an 0.025% (w/v) aqueous eosin. The sections were then washed in tap water and 

dehydrated in serial alcohol and mounted with Permount (SP15-100, Fisher Scientific, 

St-Laurent, Quebec, Canada).   
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Histological Grading of Osteochondral Samples. Histological grading of the tissue 

sections was performed using two grading schemes: (1) Shapiro modified Mankin 

grading system and (2) OARSI scoring. Grading was performed by three independent 

scorers, and the final sub-scores and scores were averages of the three measurements. 

The Shapiro grading system was based on high resolution images (1678x836 pixels) at 

4x and 10x. The 10x images were used to look at the cloning and cellularity from the 

H&E sections while the 4x was used for grading more general morphological 

characteristics such as the India Ink images, and surface irregularity. Furthermore, the 

Shapiro score considers the presence of various clefts (vertical, transverse) on the 

articular surface and in the DZ of the cartilage. Chondrocyte clones are defined as 

cluster of 4 or more chondrocytes that are present in a non-columnar formation, as 

determined from the 10x magnification of the H&E section. The score takes into 

account cellularity in terms of cell density in the SZ, MZ and DZ. Lastly, the Shapiro 

score includes a safranin-O grade at 4x magnification which assesses the staining 

extent [93].        

 Similar assumptions were used for the OARSI scoring as for the Shapiro 

modified Mankin grading system. The macroscopic features were determined from the 

india ink stains using a 0-3 scale with increasing staining. The surface structure was 

determined from the 10x image based on surface irregularities, fissures, erosion, and the 

depth of the erosions. The safranin-O staining intensity was determined at the 4x 

magnification based on a 0-6 grade scaling with decreasing staining. Lastly, the 

chondrocyte density was classified in the same was as in the Shapiro modified Mankin 

scoring with the exception that the normal cellularity value was divided into fifths 

instead of quartiles.  
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Statistics. To assess the effects of treatment (ACLT, Non-Op) and region (weight-

bearing, non-weight bearing) on the overall scores and sub scores for both the Shapiro-

Mankin and OARSI grading systems a 2-way repeated measures ANOVA for each 

dependent variable was used. The scoring was performed by 3 independent scorers 

(intra-correlation coefficient 0.6-0.8) and the scores were averaged and ranked. 

 To assess the effects of treatment (ACLT, Non-operated control), zone (SZ, MZ, 

DZ) and angle of weight-bearing region (36-54°) on zonal thickness, parallelism index 

(PI), fiber orientation (α), and signal retardation of polarized light (Γ), the factor of 

treatment, zone, angle and their interaction with one another a repeated measures 

ANOVA for each dependent variable was used. First a 3-way repeated measures 

ANOVA was performed to assess the effects of treatment, zone and angle on the 

dependent variables of ROI thickness, PI, α, and Γ (four tests). Then, a 2-way repeated 

measures ANOVA was performed to assess the effects of treatment and zone on the 

dependent variables of ROI thickness, PI, α, and Γ with values averaged for all angles 

(four tests). Finally, a 1-way ANOVA for the effect of treatment on the dependent 

variables of cartilage thickness, PI, α, and Γ averaged at all angles for each zonal depth 

(twelve tests). Post hoc tests were performed for the 3-way ANOVA using the 

Bonferoni correction factor for multiple comparisons. In addition, to compare the raw 

and area-weighted qPLM scores between experimental groups, the effects of surgical 

treatment (ACLT, contralateral non-operated controls) were evaluated using a repeated 

measured ANOVA.  

Correlations between qPLM (qPLM weighted score, qPLM SZ weighted score, 

qPLM DZ weighted score, qPLM SZ raw score, qPLM DZ raw score) and histology 

(OARSI total score, safranin-O OARSI subscore, MZ cell concentration, DZ cell 

concentration) scores and subscores were performed and Spearman’s rank correlation 
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(ρ) coefficient reported.  For all statistical tests significance was set at p<0.05. All 

statistics were performed using Systat (10.2, San Diego, California, USA) and all data 

are reported as mean ± standard deviation, unless otherwise indicated. 
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Figure 2.1: (A) Rabbit condyle  after dissection (B) Top view showing the 
femur setup inside the isomet holder. Blue line corresponds to axis of 
diaphysis and the red arrow indicates the direction of rotation in the plane of 
the page. (C) Side view showing alignment of screws on the widest portions of 
the elliptical femoral shaft hole. (D) The horizontal camera view when a (E) 
45° angle is established between the base of the isomet and the femur shaft. 
The white arrow again indicates the rotation of the base and the white line is 
the patellar condyler line which was used to align the isomet. (F) The cut made 
at the intersection of the patellofemoral ridges with the medial femoral 
condyle.  The patellofemoral ridges are parallel to the cutting plane. 
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Figure 2.2: Defining sagittal condyle sections as spanning 180 degrees, from the 
junction with the patellofemoral groove (proximal, P, 180 degrees) to the 
beginning of non-cartilage connective tissue (0 degrees, distal, D), we assigned an 
angular region from 36-54° degrees as a region of interest (ROI) for detailed 
analysis. 
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2.4 Results 

4.1. Gross Morphology 

 India ink staining of ACLT and Non-Op articular cartilage surfaces of the MFC 

was light and variable, with staining predominantly in the posteromedial aspects of the 

condyle. Images of india ink-stained MFC indicate regions of cartilage disruption due 

to ink penetration. In three out of the eight Non-Op and ACLT pairs, very little india 

ink was present on the MFCs, a Non-Op representative sample is shown to indicate the 

very minor india ink staining (Fig. 2.3A). Three out of the eight ACLT samples 

showed mild india ink staining in the posteromedial region of the condyle, with 

apparent streaks of india ink (Fig. 2.3B). When comparing the ACLT samples, it was 

apparent one of the samples showed significantly greater retention of india ink 

staining and the most apparent cartilage degeneration on the surface when compared 

to the other ACLT samples (Fig. 2.3C).  

4.2. qPLM Colormaps at 2.5x and 10x Magnifications 

 The polarized light microscope was used to obtain 2 magnifications: 2.5x (6.6 

µm/pixel) and 10x (1.6 µm/pixel). At the 2.5x magnification, the entire length of the 

condyle was imaged while at 10x only the weight-bearing region was imaged (Fig. 

2.4). The sections were stained with Alcian Blue (for one sample) and safranin-O/fast 

green (for all samples) to determine differences in proteoglycan content between the 

non-operated and ACLT sections. It was apparent from the 2.5x images that the ACLT 

sample has a weaker stain than the Non-Op sample in the weight-bearing region. 

Furthermore, the 10x images indicted that the stain loss was predominantly in the SZ, 

MZ and upper DZ when comparing Non-Op and ACLT (Figure not shown). In 

addition to comparing the PG content, the structural characteristics of the collagen 

fibers were investigated.  
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 When comparing the parallelism index colormaps between the Non-Op and 

moderate ACLT samples, a reduced PI in the SZ can be noted in the ACLT sample 

(Fig. 2.4A-B). Furthermore, when comparing the Non-Op to the severe ACLT, there 

was a notable difference in the SZ and MZ as indicated by an elevation in PI (Fig. 

2.4B-C). The DZ PI and α appear relatively consistent between the Non-Op and 

ACLT samples, with a high PI. Differences in fiber angle orientation in the SZ and 

MZ are apparent between the control and the severe ACLT samples in which the angle 

orientation is higher in the operated sample (Fig. 2.4D-F). Lastly, based on the 

representative control and ACLT samples, there is a reduced retardance in the DZ of 

both the moderate and severely generate samples (Fig. 2.4G-I). 

4.3. Histology  

 Key histological differences between the ACLT and Non-Operated control 

articular cartilage were in proteoglycan content based on safranin-O stain loss, surface 

structure, and cellularity. Several representative samples of normal, mild and 

degenerate H&E and saf-O sections indicated various histological differences (Fig. 

2.5). Most of the control samples showed relatively intact articular surfaces as was 

noted from the representative control sample in Fig. 2A and D. Histological 

differences between ACLT and Non-Operated control (Non-Op) included more 

surface fibrillation (Fig. 2.5C,F), hypocellularity in the SZ (Fig. 2.5E), more 

chondrocyte clusters (Fig. 2.5F), a loss of SZ safranin-O staining  in samples with 

moderate degeneration (Fig. 2.5B), and a loss of safranin-O staining in the full-

thickness cartilage section in samples with severe degeneration (Fig. 2.5C). Higher 

resolution images acquired at 40x (0.4 µm/pixel) indicate a loss of SZ safranin-O stain 

in the moderate sample (Fig. 2.5B.I), and an overall loss of staining in the severely 

degenerate ACLT sample (Fig. 2.5C.I) when compared to the representative sample 
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from the Non-Op (Fig. 2.5A.I). Furthermore, the higher magnification H&E sections 

at 40x showed cluster formation in the moderate ACLT sample (Fig. 2.5E.I) and 

hypocellularity and cellular fibrillation in the more severe ACLT sample (Fig. 2.5F.I) 

when compared to the Non-Op (Fig. 2.5D.I). Despite the overall trend between ACLT 

and Non-Op, several of the control sections also exhibited variable safranin-O 

staining, chondrocyte loss and areas of surface roughness.   

 Total histopathological scores as well as subscores indicating loss of safranin-O, 

loss of cellularity, and surface structural disruption were higher for ACLT than for 

contralateral Non-Op articular cartilage. Both the modified Mankin-Shapiro (Fig. 

2.6A), 5.6 for the ACLT versus 3 for the Non-Op (p<0.001), and the OARSI scores 

(Fig. 2.6B), 7.3 for the ACLT versus 4.2 for the Non-Op (p<0.01), showed statistically 

significant differences between the Non-Op and ACLT for the weight- and non-weight 

bearing regions. For the safranin-O staining, the OARSI showed a significant 

difference between the Non-Op and ACLT groups (p<0.05) (Fig. 2.6D) but the 

Shapiro safranin-O subscore did not show statistical significance (p=0.07) (Fig. 2.6C). 

Furthermore, both the Shapiro and the OARSI score indicated a larger number of 

clones and chondrocyte clusters, respectively, in the ACLT as compared to the Non-

Op (p<0.001 for both). The weight-bearing region also indicated a larger number of 

clones and chondrocyte clusters as compared to the Non-Op (p<0.01) (Fig. 2.6E-F). 

Lastly, the surface and structure scores, which are based on the india ink scores, 

presence of clefts, and surface irregularities, showed statistically significant higher 

scores in the ACLT as compared to the Non-Op (p<0.01 for Shapiro, and p<0.05 for 

OARSI) (Fig. 2.6G-H).     

4.4. Character ization of Non-Operated Contralateral Control 
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 The Non-Operated contralateral controls displayed zonal organization of qPLM 

parameters, with little variations along the condyle (proximal to distal) or between 

samples. The PI in the first few pixels (~27 µm) was generally high, low in the ~34 

µm thick subadjacent region and high in the remaining cartilage (Fig. 2.5J ). The fiber 

orientation angle, α, is low in the first ~60 µm and high in the deeper cartilage (Fig. 

2.5M). The retardance intensity is the lowest superficially, and was slightly higher in 

the subadjacent region, and highest in the deep zone uncalcified cartilage just above 

the tidemark, becoming slightly lower beneath the tidemark in calcified cartilage (Fig. 

2.5P). For the safranin-O staining, the stain intensity was lower in the superficial 

region, of variable thickness depending on the sample, the deeper bulk uncalcified 

cartilage stained more intensely, and the calcified cartilage staining was lower than in 

the uncalcified cartilage (Fig. 2.5A). The cells are tangentially organized with an 

elongated shape in a superficial region ~40 µm thick, with evenly distributed round 

chondrocytes in the subadjacent region, 100 µm thick, and with a columnar 

organization of cells in deeper cartilage, assessed by analyzing high-resolution images 

of H&E stained sections (Fig. 2.5D).  

 Rabbit cartilage has a characteristic collagen structure in the SZ, MZ and DZ. 

While depth zones have been defined based on cell morphology and percent thickness 

of the cartilage [102, 103], the zonal definitions of this study were based off of qPLM 

structure. Since our zonal definitions were based off of the relationship of α versus 

depth from the articular surface, the SZ encompassed the bulk of the region near the 

surface with horizontal α, while the MZ represented the region of transition of α from 

horizontal to vertical, and the DZ was defined as the region of vertical α, near 90°. 

Based off of these zonal definitions, the PI is moderate in SZ, lower in MZ, and 

highest in DZ, and the retardance is low in the SZ and MZ and higher in the DZ For 
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the Non-Op cartilage, PI was 0.38±0.07 in the SZ, 0.35±0.04 in the MZ and 0.81±0.02 

in the DZ of the weight-bearing portion of the condyle from 36-54° (distal-proximal) 

(Fig. 2.7B).   The α in the SZ was 15±5°, MZ was 51±7.0° and DZ was 84±1° (Fig. 

2.7C). The retardance in the SZ was 2.2±0.2, MZ was 2.2±1.3, and DZ was 5.8±0.3 

nm (Fig. 2.7D). Statistically, there was no proximal-distal dependence within the 

weight-bearing region of qPLM parameters in the three depth zones (p=0.27-0.72). 

4.5. qPLM ACLT Versus Non-Op  

 The ACL transected knees in the rabbit showed slight variations in the collagen 

structure, PG content and cellularity. As with the control samples, the ACLT samples 

had significant variability within the group and no significant difference was noted 

between the Non-Op and ACLT for the PI, α, Γ or cartilage thickness. Statistically, 

there was no angle dependence for the various zones (p=0.35-0.89). The qPLM 

parameters showed similar trends in the ACLT as in the Non-Operated controls, 

however, upon visual inspection of the qPLM colormaps, one of the ACLT samples 

showed relatively severe differences (#8R), three of the samples showed moderate 

differences (#5R, #6R, #7R), and four did not appear different (#1R, #2R, #3R, #4R) 

from Non-Op samples. As a group, the ACLT PI was 0.37±0.1 in the SZ, 0.41 in the 

MZ±0.08 and 0.82±0.02 in the DZ (Fig. 2.7B).  The α in  the SZ was 16.8±7.9°, MZ 

was 56.3±7.4° and DZ was 82.7±2.3° (Fig. 2.7C). The retardance in the SZ was 

2.1±0.2, MZ was 2.2±0.30, and DZ was 5.6±0.3 nm (Fig. 2.7D). There was no 

significant variation between Non-Op and ACLT for any of the zones when 

comparing the zonal thickness, PI, α and Γ values (p=0.3-0.8). 

  The presence of clefts, SZ fibrillation, and surface roughening has a notable 

effect on the qPLM parameters near the articular surface (Fig. 2.5D.I-F.I). In one 

sample, the SZ appeared to be completely missing due to the lack of high PI (Fig. 
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2.5F, F.I). Furthermore, the MZ also appeared to be partially missing with a non-

uniform disappearance of low PI and the DZ appears to have a reduced PI, especially 

at the interface with the MZ (Fig. 2.5L). Similarly, for the α colormaps the SZ and MZ 

appeared to be missing as only the near vertical α of the DZ, is apparent (Fig. 2.5O). 

The DZ retardance in the sample showing severe degeneration appeared to be lower 

than in the contralateral Non-Operated control.  

 A tendency for similar trends is also apparent in the ACLT knees of several 

samples showing moderate degeneration. The SZ PI appeared to be lower than normal 

(potential loss of SZ), also the PI in the MZ was higher and the PI in the DZ was lower 

than contralateral Non-Op values (Fig. 2.5K). Furthermore, the MZ fiber orientation 

angle also appeared to be higher than contralateral Non-Op (Fig. 2.5N). In addition, as 

was noted with the more degenerate sample, there was a lower DZ retardance in the 

moderate sample contralateral Non-Op (Fig. 2.5Q). 

4.6. Histology and qPLM scores for  Non-Op and ACLT 

 When comparing the qPLM scores and subscore between ACLT and Non-Op, 

most scores did not show statistical significance except for the area-weighted score 

which was higher in ACLT than in Non-Op (p=0.025) . There were 2 overall scores 

for the qPLM parameters: zone-weighted (raw) overall score and area-weighted 

overall score. Furthermore, there were subscores for each of the three zones: SZ, MZ, 

DZ (Table 2.1). Zone-weighted qPLM scores showed no significant difference 

between Non-Op and ACLT (p=0.192) (Fig. 2.8A). However, the area-weighted 

qPLM scores were significantly different between Non-Op and ACLT (Fig. 2.8B) 

(p=0.025). There was also no statistical difference between any of the subscores. 

Averaged value for the raw scores, area-weighted scores, Shapiro score and OARSI 

score are shown in Table 2.2.   
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4.6.1 Correlations 

 Several qPLM and histopathological scores and subscores showed correlations 

using the Spearman’s rank correlation coefficient (ρ). From the correlation plots, it is 

apparent that there is a correlation between qPLM Area-Weighted score and Shapiro 

safranin-O score (ρ=0.56, p<0.05) (Fig. 2.9A). Furthermore, there is a correlation 

between the qPLM DZ Area-Weighted score and the Shapiro safranin-O score 

(ρ=0.52, p<0.05) (Fig. 2.9B). Lastly, there was a significant correlation between the 

qPLM DZ Raw (Zone-Weighted) score and the Shapiro safranin-O score (ρ=0.54, 

p<0.05) (Fig. 2.9C).  
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Figure 2.3: India ink images of the medial femoral condyle at 65% lateral-medial 
from (A) non-operated control (mirror image), (B) moderately degenerate (3/8 
ACLT), and (C) severely degenerate (1/8 ACLT) samples at 28 days post surgery. A-
Anterior, P-Posterior, M-Medial, L-Lateral.  
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Figure 2.4: Parallelism index, fiber orientation, and retardance for (A, D, G) non-
operated control, (B, E, H) moderately generate and (C, F, I) severely generate ACLT 
samples. Colormaps are from the 15-80° range distal-proximal at 10x (1.6 µm/pixel) 
tiling 3-5 fields of view in the weight-bearing region of the medial femoral condyles at 
65% lateral-medial. 
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Figure 2.5: Safranin-O/Fast-Green (Saf-O), hematoxylin and eosin (H&E), 
darkfield (DF), parallelism index (PI), collagen fiber orientation (α), and 
retardance (Γ) for a normal, moderately degenerate sample and a severely 
degenerate sample. Sections were obtained at the 65% location lateral-medial 
from the medial femoral condyle 28 days post-surgery.   
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Figure 2.6: Effect of treatment on the weight-bearing (WB) and the 
non-weight bearing region (NWB) for a modified Mankin-Shapiro and 
OARSI overall scores and subscores. 
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Figure 2.7: Effect of treatment on the (A) zone thickness, (B) parallelism 
index (PI), (C) fiber orientation angle (α), and (D) retardation (Γ).  

 

 

 

 

 

 

 

 

 



55 

 

 

 

 

 

 

 

 

 

Figure 2.8: (A) Zone-Weighted or Raw and (B) Area-Weighted qPLM scores 
angle and sample averaged for Non-Op and ACLT.   
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Figure 2.9: Correlation plots for qPLM and histological scores and subscores.  
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Table 2.1. Zone-Weighted (ZW) and Area-Weighted (AW) qPLM scores and subscores.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample # Side Treatment Overall SZ MZ DZ Overall SZ MZ DZ
Left Non-Op 0.214 0.060 0.006 0.149 0.470 0.389 0.024 0.057

Right ACLT 0.313 0.004 0.177 0.132 0.805 0.029 0.726 0.051
Left Non-Op 0.887 0.083 0.537 0.266 2.853 0.541 2.209 0.102

Right ACLT 1.109 0.649 0.404 0.056 5.908 4.226 1.660 0.022
Left Non-Op 0.039 0.007 0.002 0.029 0.069 0.048 0.010 0.011

Right ACLT 0.246 0.000 0.113 0.133 0.516 0.001 0.463 0.051
Left Non-Op 0.112 0.011 0.050 0.051 0.297 0.073 0.205 0.020

Right ACLT 0.360 0.009 0.096 0.254 0.554 0.060 0.396 0.098
Left Non-Op 0.452 0.161 0.128 0.163 1.635 1.047 0.525 0.063

Right ACLT 0.534 0.010 0.029 0.495 0.371 0.064 0.117 0.190
Left Non-Op 0.415 0.005 0.127 0.283 0.664 0.035 0.520 0.109

Right ACLT 0.503 0.101 0.073 0.329 1.083 0.657 0.300 0.126
Left Non-Op 0.186 0.028 0.013 0.145 0.294 0.185 0.053 0.056

Right ACLT 0.161 0.000 0.055 0.106 0.268 0.000 0.227 0.041
Left Non-Op 0.022 0.007 0.005 0.011 0.068 0.044 0.020 0.004

Right ACLT 0.628 0.062 0.049 0.517 0.806 0.404 0.203 0.199

5

6

7

8

AW Score ZW Score

1

2

3

4
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Table 2.2: Histopathological and qPLM scores for ACLT and Non-Op from the weight-
bearing region.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Score qPLM Area-Weighted qPLM Zone-Weighted OARSI Mankin-Shapiro 
Non-Op 0.3±0.3 0.8±1.0 4.2±1.6 3.0±0.9
ACLT 0.5±0.3 1.3±1.9 7.3±2.3 5.6±2.2
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2.5 Discussion 

The study reveals structural and histopathological features of adult rabbit cartilage 4 

weeks post ACLT using qPLM and histology of serial sections of the medial aspect of 

the medial femoral condyle. First, the baseline control of the contralateral knees were 

established and the parallelism index (PI), fiber orientation angle (α), and the 

retardance (Γ) of the birefringent signal were characterized. PI, α, and Γ were 

moderate, low, and low in the SZ, respectively; low, moderate, and moderate in the 

middle zone, respectively; and high in the deep zone. The second objective of the 

study was to quantitatively compare qPLM parameters differences between Non-Op 

and ACLT. A statistical significant difference was noted for the overall qPLM area-

weighted scores, which was higher in the ACLT sample as compared to the Non-Op. 

This result indicated structural alterations 4 weeks post ACLT corresponding to 

deviations of PI and α from baseline averages, weighted heavily by the large area 

fraction of the deep zone. This suggests that slight alterations in the cartilage structure, 

~5% difference between the ACLT and Non-Op, can be detected using a combined 

qPLM score, based on the area-weight of each zone, rather than comparing each 

qPLM parameter individually. The third and final objective of the study was to 

investigate correlations between the qPLM scores and the histological scores. 

Correlations were noted between the overall qPLM Area-weighted score (weighted 

based on the area of each zone) and the qPLM DZ Area-weighted and Raw scores 

with the Shapiro Safranin-O score. These findings suggest that disruptions in collagen 

network are related to loss of glycosaminoglycans; there is an association that if one is 

altered the other is altered as well. 

 This experimental design investigated early alterations associated with ACL 

transections in rabbits, and controlled for variation due to individual and joint 



60 

 

location/site, but also had several limitations. The location at which the sections were 

assessed was chosen to target the region of maximal degeneration found at 9 weeks 

[58], but may have missed regions of early degeneration. Based on the india ink 

results, there was only apparent degeneration in about 1% or less of the total area of 

the condyle. To address this limitation, we assessed surface roughness of serial 

sections between 50-70% from lateral to medial along the MFC (data not shown). This 

assessment suggested that a section at 65% had similar surface topography to adjacent 

sections approximately 1mm laterally and medially from it. Additionally, india ink 

images were evaluated to match section location to regions of staining. Cryosection 

quality was a significant limitation due to section fragility and deformation. However, 

after careful optimization of the cryosectioning, including increasing fixation time, 

adding a delipidation step in 100% ethanol, and adding cryoprotection steps with a 

sucrose solution, the cryosections became reproducible and fully intact. qPLM and 

image processing steps were another source of error in the analysis. To minimize this 

error, the same microscope and camera parameters were used during acquisition from 

all samples, and a systematic image acquisition procedure was defined. Image 

processing was semi-automated using custom-designed MATLAB procedures, and 

had associated quality control sheets to ensure quality of the processed images and the 

raw image data. Lastly, the resolution was a potential limitation for the qPLM analysis 

at 2.5x (6.4 µm/pixel). Hence, qPLM images were obtained at the 10x magnification 

(1.6 µm/pixel) from the weight-bearing region where cartilage degeneration had been 

noted [34, 104]. 

 The first objective of this work, to characterize non-operated rabbit MFC 

articular cartilage, produced zonal values of PI, α and retardance that were similar to 

previous studies in rabbits, and that suggested a largely intact collagen network 
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structure. The higher parallelism index was noted in the SZ, then a drop in parallelism 

for the MZ and then a higher PI in the DZ of the cartilage. In qPLM rabbit maturation 

studies conducted by Julkunen et al., in which the parallelism and orientation of the 

fibers in the cartilage of 9 month and 18 month rabbits were investigated, similar 

patterns were noted [72]. The magnitude of PI noted by Julkunen was 0.3-0.4 in the 

SZ, 0.35-0.5 in the MZ and 0.7 to 0.8 in the DZ, while in this study the values noted 

were 0.38±0.07, 0.35±0.04, and 0.81±0.02 for the SZ, MZ and DZ, respectively. For 

the α values Julkunen reported 20-25°, 40-60° and 70-78° for the SZ, MZ and DZ 

fiber orientation [72]. This study reported values of 14.5±4.8°, 51.1±7.0°, and 

83.6±1.2° for the SZ, MZ and DZ, respectively. The values for the retardance were 

difficult to compare between the current study and the one conducted by Julkunen 

because of differences in section thickness and differences in normalizations of final 

values.  However, Julkunen noted a similar trend where the DZ retardance is 

significantly higher values in the DZ (1.8-2) than in the MZ (1-1.2) and in the SZ (0.5-

0.6) [72]. In an equine maturation study, a high PI was noted in the SZ and DZ and a 

low PI was noted in the MZ [105]. In mature pig, a high α and PI were noted in the DZ 

as well as a higher birefringence signal in the DZ as compared to the SZ and MZ [65]. 

Based on the result for the quantification, it appeared that the retardance of the 

birefringent signal was relatively high in the DZ but lower in the SZ and MZ (Figure 

2P).  In an ovine qPLM study, the retardance in the SZ and MZ was lower than in the 

DZ [102, 106].  

 Despite similar zonal structures of articular cartilage in several species, there 

were trends of the qPLM parameters with animal size. Particularly when comparing 

the α and the PI in porcine and bovine cartilage to human cartilage, it was reported 

that the DZ anisotropy varies from high to low. This could potentially indicate that 
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there may be more than 3 different zones that can be classified based on parallelism 

and orientation of the collagen fibers [107]. Rabbit cartilage, as determined from the 

findings in this study, resembles the structure of the human cartilage where the 

collagen fiber anisotropy is high in the SZ and DZ and low in the MZ and the α is low 

in the SZ and MZ but high in the DZ.  

 The second objective of this study, to investigate qPLM and histological 

differences between ACLT and Non-Op MFCs, found differences in the overall area-

weighted qPLM scores.  When comparing the non-operated contralateral controls with 

the ACLT, none of the qPLM parameters showed statistically significant differences at 

4 weeks post-operatively. However, several of the moderate and severely degenerate 

ACLT samples (#5R, #6R, #7R and #8R) showed a notable reduction in retardance in 

the SZ, an effect of ACLT on articular cartilage qPLM parameters that was consistent 

with a recent study looking at a cranial cruciate ligament transection (CCLx) [97]. The 

CCLx rabbit study using qPLM noted a 50% reduction in the SZ retardance in the 

rabbits 13 weeks post-surgery [97]. A similar phenomenon was noted in a canine 

ACLT model in which the retardance was determined for a control and an OA sample 

where the retardance in the MZ was determined to slightly decrease for the OA sample 

as compared to the control sample [79]. Other OA animal model investigating the 

birefringence signal after induced OA, either by enzymatic degradation [63, 98], 

meniscectomy [81], or tibial osteotomy [67], showed a reduction in the superficial 

birefringence signal. Furthermore, there were several key histological differences that 

were noted between Non-Op and ACLT including an overall higher histological score, 

a greater number of cell clusters, more surface roughness, and great chondrocyte 

cloning for the ACLT knees as compared to the Non-Op. Furthermore, a reduction in 

safranin-O staining, corresponding to GAG loss, in the ACLT as compared to the 
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Non-Op was noted. PG loss, reduction in overall and SZ cellularity, cluster formation 

and surface roughness are common histological features noted in the ACLT animal 

model [108-110]. The alterations in qPLM structure 4 weeks post-ACLT, while not 

significant individually, became significant in the area-weighted score, which summed 

deviations from Non-Op of PI and α, and emphasized the DZ values (which cover the 

most area). Therefore it is possible that ACLT affects the collagen network structure 

in the deep zone as well as glycosaminoglycan staining and surface structures. 

 The third objective of this study, to investigate correlations between qPLM and 

histological scores and subscores, showed that variations in the GAG loss 

corresponded to alterations in the collagen fiber orientation and anisotropy. 

Statistically significant correlations were determined for the qPLM DZ Area-weighted 

and Raw subscores and the Shapiro safranin-O subscores as well as between the 

overall qPLM Area-weighted score and the Shapiro safranin-O subscore. Based on 

these correlations, one can speculate that the loss of proteoglycans is associated with 

altered collagen network structure. The qPLM scores were determined from the PI and 

α parameters so a correlation between histological parameters and Γ was not 

performed. In a dog cranial cruciate ligament transection (CCLx) model, a correlation 

between the safranin-O staining and the retardance in the SZ was noted, which 

indicates that a loss of proteoglycan content was associated with a loss of the 

birefringence signal [97]. Hence, the statistically significant correlation between the 

DZ qPLM scores and the safranin-O stain might be due to structural alterations that 

are caused by varying concentration of PG in the DZ.      

 ACLT mimics genetic deficiency and/or injury to the ACL that can catalyze 

the onset and progression of OA [111]. The overall aim of this ACLT rabbit study was 

to gain further information about the main mechanism or mechanisms that contribute 
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to the onset of OA following ACLT. Based on our finding, it appears that the early 

mechanism involves alteration of the collagen network, loss of glycosaminoglycans 

and cells, which all precede frank fibrillation. Only one sample had early signs of 

significant SZ/MZ surface fibrillation. However, loss of safranin-O staining, lower SD 

cellularity, and more chondrocyte clusters in ACLT than Non-Op may suggest that the 

initial degenerative mechanisms are initiated by altered cell behavior and/or matrix 

degradation. The findings in this study pertain to the initiation and progression of 

cartilage degeneration, before cartilage clefts and full-thickness erosion develop. In 

addition, they may suggest features that are sensitive to degeneration and could serve 

as early indicators, and potentially suggest targets or strategies for therapy or 

preventative medicine. 

 To further validate these findings, future studies can quantify collagen network 

structure using qPLM at higher resolution, over a broader area of the condyle, or at 

sites specifically selected for degeneration based on india ink staining or another 

marker of degeneration. At a higher resolution, there would be less pixel averaging, so 

interpixel variations may shed light on the location and magnitude of early structural 

degeneration associated with early OA. Immunohistochemistry for various 

metalloproteases and ADAMTS markers of degeneration may help to explain the 

extracellular matrix and cellular contributions to early OA [112, 113]. 
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