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SUMMARY

The attachments of tendons, ligaments and muscles to bone are known as entheses. These 

musculoskeletal links are believed to be highly innervated and may therefore have an important 

role in proprioception. Pathologies associated with entheses are also described as particularly 

painful; however, the aetiology of these conditions is not fully understood. This thesis deals with 

the structure and innervation of 3 different types of attachments - the fibrous enthesis of the 

medial collateral ligament, the muscular attachment of the tibialis anterior onto the tibia, and the 

fibrocartilaginous enthesis organ of the Achilles tendon. Particular attention was paid to the 

latter and it was shown that in rats at all ages (neonate, 4 week, 4 month, and 2 month) only the 

retromalleolar fat pad of the enthesis organ was innervated. In the light of these findings, the fat 

was studied in further detail and an in vitro investigation determined whether nerve fibres are 

specifically attracted to the adipose tissue. In man, it was confirmed that the equivalent fat pad 

(Kager’s fat pad) was also innervated and a number of anatomical and histopathological 

observations associated with this tissue in elderly dissecting room cadavers were described. The 

relationship between weight, height and foot length with fat pad structure in human cadaveric 

tissue was investigated, and the effect of the appetite-inducing hormone, ghrelin on the size of 

the fat pad in the rat was also explored. As entheses are the primary target organs in the 

seronegative spondyloarthropathies (autoinflammatory rheumatic conditions), the presence of 

resident and inflammatory macrophages and neutrophils in the rat Achilles tendon enthesis organ 

was investigated at a variety of ages. Overall, it was concluded that adipose tissue associated 

with entheses may play a role in proprioception and be a source of pain in enthesopathies.
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General Introduction

1. GENERAL INTRODUCTION

The awareness of the position of the body in space is known as proprioception and it plays 

a key role in controlling movement and balance (Bear et al., 2006). Sensory receptors 

located in tendons, ligaments, joint capsules, muscles, and the skin signal to the central 

nervous system (CNS) where this information is co-ordinated with motor functions. The 

majority of interest regarding proprioception has focussed on the muscle spindles and 

Golgi tendon organs. However, information on the sensory innervation of joints and 

associated connective tissues including tendons, ligaments, and joint capsules is more 

limited (Freeman and Wyke, 1967c; Kellgren and Samuel, 1950; McDougall et al., 1997; 

Samuel, 1952; Zimny, 1988). Furthermore, in contrast to myotendinous junctions, there is 

a significant lack of literature describing the innervation of the bony attachments 

(‘entheses’) of tendons, ligaments, joint capsules and muscles. Despite this, many 

textbooks and reviews state that entheses are highly innervated (Benjamin and McGonagle, 

2001; Benjamin and Ralphs, 1997; Khan et al., 2000; Klippel and Diepp, 1998; Niepel et 

al., 1966; Palesy, 1997; Resnick and Niwayama, 1983). It is therefore one of the principal 

aims of this thesis to describe the innervation of 3 classical forms of entheses. The 

structure of the entheses is described in section 1.2.

Entheses are essential links in the musculoskeletal system and the innervation of these 

regions may contribute to proprioception through monitoring the movement of tendons or 

ligaments relative to bone. Understanding the innervation of entheses is also particularly 

significant as they are frequently affected by overuse injuries (Jozsa and Kannus, 1997) and 

inflammation in autoimmune diseases such as the seronegative spondyloarthropathies 

(SpA) (Borman et al., 2006; D'Agostino and Olivieri, 2006). Both types of conditions are 

reported by patients to be particularly painful. There is currently a lack of understanding of 

the pathobiology of overuse injuries and SpA - there is continuing debate as to the role of 

inflammation in overuse injuries (Khan et al., 1999a) and the exact cause of SpA is still 

unknown. Aging is also known to have a profound effect on proprioceptive function. 

Research indicates that with increasing age, there is both a reduction in the number, and a 

change in the morphology of sensory receptors located in joints and their associated
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structures. This is believed to contribute to falls in the elderly (Shaffer and Harrison, 

2007). It is therefore also important to understand changes in the innervation of entheses 

with age.

1.1 JOINT AND CONNECTIVE TISSUE INNERVATION

The following section presents an account of the basic structure and function of the sensory 

innervation of joints and associated connective tissues with particular reference to pain and 

proprioception.

NERVE FIBRE CLASSIFICATION

The primary afferent axons that carry sensory information to the CNS vary considerably in 

diameter and are described using two classification schemes that are illustrated in Table

1.1. Those axons from skin receptors are usually designated Aa, A[3, A5 and C, while 

those axons innervating muscles and tendons are classed into groups I, II, III, and IV. The 

group in which sensory axons are classed depends on their diameter and conduction 

velocity. The size of the axon also reflects the type of sensory receptor with which it is 

associated (Bear et al., 2006; Willis and Coggeshall, 1991).
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Axons from
skin______
Axons from 
muscles

Aa

Group I

AP

II

A5

m IV

Diameter 13-20 6-12 1-5 0 .2 - 1.5

Speed of
conduction
(m/sec)

80-120 35-75 5-30 0.5-2

Sensory
receptors

Proprioceptors of 
skeletal muscle 
and tendons

Mechanoreceptors Fast pain, 
temperature

Temperature, 
slow pain, 
itch

Marker NF200 NF200 SP, CGRP

Table 1.1: Primary afferent axon classification system (Bear et al., 2007)

Very large myelinated axons are classed in group I which convey information from 

specialised sensory receptors which monitor stretch in skeletal muscle - known as muscle 

spindles (classed as group la), and also from Golgi tendon organs (classed as group lb 

(Lloyd, 1943). Myelinated nerve fibres from group II convey information from a large 

number of specialised receptors with different morphological characteristics (see below) 

which are capable of sensing mechanical deformation and transducing it into an impulse 

(Willis and Coggeshall, 1991). These large and small myelinated nerve fibres can be 

identified in the rat by the use of antibodies against phosphorylated and non- 

phosphorylated neurofilament 200 proteins (Perry et al., 1991). The different types of
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receptors located in joints and associated connective tissues are described in the following 

section using the terminology proposed by Freeman and Wyke (1967c).

JOINT RECEPTORS

A number of different types of receptors have been identified within joint connective 

tissues, and are adapted to respond to a variety of different proprioceptive stimuli. These 

receptors are all classed as mechanoreceptors as they respond to tissue deformation. 

Physical stimulation is transduced by the receptor into an electrical signal (receptor 

potential) through activation of ion channels sensitive to stretching and tension of the 

peripheral segment of axonal membrane lacking voltage dependent ion channels. The 

intensity and duration of the receptor potential depends largely on the intensity and 

duration of the stimulus, however some receptors are adapted only to generate action 

potentials in response to low or high intensity stimuli (Bear et al., 2006; Willis and 

Coggeshall, 1991). In addition, receptors themselves show adaptations during maintained 

stimulation and can therefore be classed into two groups depending on the speed of this 

adaptation: (i) slowly adapting and (ii) rapidly adapting receptors. Stimulation of slowly 

adapting receptors results in prolonged firing of action potentials during the period of 

stimulation and are therefore suited to collecting information on static positions (Bear et al., 

2006; Willis and Coggeshall, 1991). In contrast, rapidly adapting receptors signal motion. 

When a rapidly adapting receptor is stimulated an action potential is evoked, but unlike 

slowly adapting receptors, the receptor potential decreases during the duration of the 

stimulus and action potentials are not evoked following the initial stimulation. This rapid 

adaptation allows the receptor to signal information on changing and moving stimuli (Bear 

et al., 2006; Willis and Coggeshall, 1991).

Receptor endings can be broadly divided into two groups; encapsulated and non

encapsulated receptors, depending whether the nerve ending is surrounded by a connective 

tissue capsule. A vast number of encapsulated receptors have been described in association 

with joints, but most are merely variations on two themes -  those with layered capsules and 

those with thin capsules. The function of the capsule is unknown in a number of these 

receptors but in some cases it is believed that the capsule functions as a mechanical filter,
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which modifies the mechanical stimuli before it reaches the nerve terminal (Bear et al., 

2006). In the light of the confusion associated with the numerous different names given to 

encapsulated nerve endings with the same or similar structures, Freeman and Wyke (1967c) 

re-classified the receptors associated with joints into 4 categories depending on their basic 

structure.

Encapsulated Nerve Endings

Type I Endings

Slowly adapting, low threshold type I endings - classically known as Ruffini endings - are 

ovoid or globular encapsulated corpuscles (Freeman and Wyke, 1967c). In the centre of 

the capsule is a collection of coiled un-myelinated fibres and these are surrounded by one 

or two layers of fibrous connective tissue. Such corpuscular endings have been identified 

within the joint capsule, ligaments, tendons, and menisci (Mine et al., 2000; Stilwell, 1957; 

Zimny, 1988). Type I endings have also been identified in the periosteum adjacent to the 

joint. Interestingly in the knee, type I endings are more densely arranged in the anterior 

and posterior regions of the joint capsule when compared to the medial and lateral regions 

(Zimny, 1988). These receptors were initially believed to respond to a range of joint 

movements and were therefore believed to signal joint position; however it was 

subsequently demonstrated that type I receptors are rarely active in intermediate joint 

positions, but respond primarily to the extremes of angular joint movement (Willis and 

Coggeshall, 1991). This explains their predominant location in the anterior and posterior 

regions of the joint capsule of the knee. Type I articular nerve endings have also been 

described as Golgi-Mazzoni endings, spray type endings and Meissner corpuscles 

(Freeman and Wyke, 1967c).

Type II Endings

Type II endings have been classically described as Pacinian-like receptors. These 

specialised nerve endings are low threshold, rapidly adapting receptors which have been 

identified in the joint capsule and the periosteum adjacent to the attachment of the joint 

capsule (Freeman and Wyke, 1967c; Zimny, 1988). Type II endings, have similar 

structures to ‘true’ Pacinian corpuscles which are composed of an unmyelinated axon



General Introduction

terminal covered by layers of concentric non-neuronal lamellae of squamous epithelial cells 

and condensed connective tissue (Bell, 1994). However, Freeman and Wyke (1967c) 

consider that ‘true’ Pacinian capuscles are only present in extra-articular tissue.

It is understood that the capsule is responsible for the rapidly adapting nature of this 

receptor. Compression of the external capsule, leads to deformation of the terminal axon 

and opening of mechanosensitive ion channels that generates a receptor potential. If this 

receptor potential exceeds a certain threshold, the axon will initiate an action potential. 

However, when compression is maintained, the receptor potential rapidly dissipates due to 

the elasticity of the capsule, and no action potential is evoked. Experiments in which the 

capsule is removed from the nerve demonstrated that it is the capsule which makes the 

Pacinian corpuscle particularly sensitive to vibration rather than steady pressure (Bear et 

al., 2006; Nolte, 2002)

Type III Endings

Type III endings are also known as Golgi tendon organs. These receptors are also slowly 

adapting structures, although they have higher thresholds than type I endings. They are 

fusiform shaped corpuscles located within the fibrous connective tissue between the muscle 

and the tendon proper i.e. at the myotendinous junction, where these receptors monitor 

active and passive muscle stretch (Schoultz and Swett, 1974). Morphologically, type III 

receptors are composed of several longitudinally arranged compartments which contain 

either densely or loosely packed collagen fibres. A large myelinated axon enters the 

capsule and branches within the receptor, interweaving between the collagen fibres. It is 

proposed that when the muscle fibres associated with the tendon organ contract, the 

collagen fibres within the corpuscle will become taut, leading to contraction of the axonal 

branches present between them; inducing an action potential (Schoultz and Swett, 1974). 

Type III receptors with similar structures have also been identified within ligaments 

(Freeman and Wyke, 1967c) where they are also believed to monitor stretch.

Non-encapsulated nerve endings associated with joints are usually seen as free nerve 

endings rather than endings associated with accessory structures which are common in the
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skin, ear and eye (Bear et al., 2006). Free nerve endings are branching terminations of 

sensory nerves which have no obvious specialised structure surrounding them. These 

endings are commonly nociceptors, gathering information on damaging stimuli (Bear et al., 

2006; Willis and Coggeshall, 1991) but some non-encapsulated nerve fibres such as those 

in the peridonal ligament are believed to have a mechanoreceptive functions, that may be 

analogous to non-encapsulated stretch receptors in blood vessels (Byers, 1985).

Non-encapsulated Nerve Endings

Type IV Nerve Endings

Free nerve endings have very high thresholds and therefore collect information on 

mechanical and damaging stimuli (nociceptive) (Freeman and Wyke, 1967c). The majority 

of these receptors do not have any distinguishing morphological characteristics to define 

them, however ultrastructural analysis has demonstrated that the nerve endings are 

frequently branched and have a beaded appearance (Heppelmann et al., 1990; Fleppelmann 

et al., 1989). Type IV nerve endings are the most abundantly distributed nerve endings 

associated with joints, and are located within most tissues including joint capsules, 

ligaments, tendons, and adjacent periosteum (Freeman and Wyke, 1967c). It is these nerve 

endings which are primarily responsible for nociceptive signalling in joint and connective 

tissue pathology (Heppelmann, 1997; Schaible and Schmidt, 1985). Unlike the 

aforementioned receptors, free nerve endings branch from either thinly myelinated or 

unmyelinated nerve fibres (i.e group III of IV fibres). Useful markers for group IV, 

nociceptive fibres are the neuropeptides substance P (SP) and calcitonin gene related 

peptide (CGRP), which are known to be co-local ised. However, it has been demonstrated 

that some nociceptive nerve fibres do not contain neuropeptides (Hanesch et al., 1991). 

The occurrence of these peptidergic nerve fibres within joints and associated connective 

tissues is well known (Ackermann et al., 1999; Kido et al., 1993; Marshall et al., 1994; 

McDougall et al., 1997; Wojtys et al., 1990). However, these neuropeptides are not only 

involved in conveying nociceptive information centrally; SP and CGRP can also be 

released from the free nerve endings (Holzer, 1988; Yaksh, 1988). In the periphery, SP and 

CGRP have a number of functions on the surrounding tissue causing sensitisation of other 

nociceptive nerve fibres in the area, therefore lowering the threshold at which the nerve
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fibres can be stimulated resulting in hyperalgesia (Nakamura-Craig and Gill, 1991). The 

release of these peptides can, however, also result in the dilation of arterioles and leakage 

of plasma from venules (i.e. redness and swelling) (Holzer, 1988; Kenins, 1981; Kenins et 

al., 1984), but substance P is also able to stimulate phagocytes and attract other 

inflammatory cells to the damaged area (as reviewed by - Schaffer et al., 1998). Such 

symptoms are frequently associated with joint pathology and as a result SP and CGRP have 

been heavily implicated in conditions such as rheumatoid arthritis (Pereira da Silva and 

Carmo-Fonseca, 1990; Weihe et al., 1988) and tendinopathies (Ackermann et al., 1999; 

Ackermann et al., 2003). It is therefore of particular importance to describe the distribution 

of SP and CGRP containing nerve fibres at entheses.

1.2 ENTHESES

What are Entheses and why are they Important? An enthesis is the attachment of a 

tendon, ligament (TL), or joint capsule to bone. It is also called an insertion site, 

osteotendinous or osteoligamentous junction. Benjamin & McGonagle (2001) have coined 

the term ‘enthesis organ’ to define a collection of structures adjacent to. and associated 

with, the enthesis itself, that help to reduce stress concentration at the attachment site 

(Benjamin and McGonagle, 2001). They have also introduced the term ‘functional 

enthesis’ to describe the wrap-around regions of tendons or ligaments, where the TL 

change direction by passing around bony or fibrous pulleys (Vogel and Koob, 1989). This 

highlights the parallels between such regions and ‘true’ entheses.

Functionally, entheses provide strong and stable anchorages that promote musculoskeletal 

movement with concomitant joint integrity. However, they must serve as more than simple 

anchors, for in linking soft to hard tissue, entheses also need to minimise the risk of 

damage in the face of high levels of mechanical loading, by allowing the smooth transfer of 

force between soft and hard tissue (Benjamin et al., 2002; Benjamin et al., 2006). The 

bony attachment site is thus a key link in any muscle-TL-bone unit and one which may 

experience considerably more stress than the TL itself. Curiously however, at some animal 

sites at least, not all of the force generated by a muscle is transferred to bone via its
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connecting tendon. Rijkelijkhuzen et al., (2005) have shown that force can be transferred 

from muscle to bone, even when the tendon is severed - if the connection between the 

epimysium and the epitendinous tissue is substantial and intact (Rijkelijkhuizen et al., 

2005). This is in line with the principle of myofascial continuity, which suggests that 

closely associated muscles can transmit force between each other via fascial connections 

(Myers, 2001). These observations correlate with early literature which likened the fascia 

of the lower limb to an ectoskeleton, to which muscles form extensive attachments (Jones, 

1982). This allows the muscles to function as a rigid column and perform powerful 

movements; such fascial connections are not observed in the upper limb where discrete 

intricate movements are required (Jones, 1982).

Despite the stress concentration at entheses, they are less likely to fail than other parts of 

the musculoskeletal chain because of their ability to withstand high mechanical loads. 

Entheses are nonetheless vulnerable to overuse injuries and these present as a number of 

poorly-understood, pathological changes that are collectively referred to as enthesopathies. 

Any such injury can have a significant impact on the lifestyle of the general population and 

on the ability of athletes to pursue their sport. Pathologies such as the epicondyloses 

(tennis elbow), proximal patellar tendinopathy (jumper’s knee), a variety of Achilles 

insertional disorders and plantar fasciosis (‘fasciitis’) are well known (Khan et al., 1996; 

Niepel et al., 1966; Niepel and Sit'aj, 1979; Resnick and Niwayama, 1983).

However, entheses are also targeted in the seronegative spondyloarthropathies (Benjamin 

and McGonagle, 2001). These are a diverse collection of chronic, autoimmune joint 

diseases that are among the most prevalent of rheumatic conditions. They include 

ankylosing spondylitis, reactive arthritis, psoriatic arthritis, arthritis associated with 

inflammatory bowel disease and undifferentiated spondyloarthropathies (Peloso and Braun, 

2004). Similarly, DISH (Diffuse Idiopathic Skeletal Hyperostosis - formerly known as 

Forestier’s disease), is also characterised by excessive bone deposition at entheses that 

leads to the formation of bony spurs, as reviewed by Childs et al., (2004).
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Entheses are of particular concern to orthopaedic surgeons because of the need to re-attach 

TL to bone -  e.g. during the reconstruction of an anterior cruciate ligament. It is uniquely 

challenging to recreate the natural smooth transfer of load from TL to bone that typifies the 

healthy, original attachment site (Pendegrass et al., 2004). A variety of techniques have 

been pioneered surgically that attempt to do so, but most simply involve stapling the TL to 

the bone. More recently however, various materials with viscous properties (e.g. 

hydroxyapatite) have been coated on the attachment site of the implanted TL (Pendegrass 

et al., 2004).

Skeletal attachment sites have also long been of interest to archaeologists in relation to 

physical activity. Their focus has been exclusively on the characteristic markings left by 

entheses following maceration of the skeleton. The premise is that the markings left by TL 

on dried bones convey useful information about the lifestyle of ancient populations (Galera 

and Garralda, 1993). Greater physical activity (e.g. between males and females) is 

reflected by different enthesis markings. The constant stressing of a muscle from daily 

repetitive tasks of various types, gives the archaeologist a skeletal record of habitual 

activity patterns and this has contributed to understanding a wide range of issues relating to 

ancient populations (social, cultural, labour, the development and use of tools etc.) (Galera 

and Garralda, 1993). Although the link between physical activity and osteological 

characteristics seems plausible, comparison of the findings of different authors is hampered 

by a lack of objectivity in evaluating enthesis footprints. It is thus worth noting that 

Zumwalt (2005) has developed a method of quantifying the 3D topography of attachment 

sites by a fractal analysis of insertions photographed with a 3D laser scanner. One of her 

principal findings was that the markings left at the periphery of entheses are particularly 

complex and suggestive of highly-varied load (Zumwalt, 2005). Histologically, it is 

understood that the structure of many entheses varies, in that parts of the peripheral regions 

are fibrous; whereas the inner regions (often the joint side) are fibrocartilaginous (see 

below). Therefore, it may well be that some areas of insertions sites are more heavily 

loaded than others (Maganaris et al., 2004).

- 10-
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Finally, the specialised adaptations of TL entheses that stem from their interface location 

are paralleled elsewhere. Nature has adapted a vast number of structures throughout the 

animal kingdom in order to overcome the difficult task of linking hard and soft tissues, 

usually through the use of an intermediate form of tissue. Examples include the attachment 

of the underlying soft tissues to the hard jaw of the marine polychaete worm, and the 

byssus threads (effectively extracorporeal tendons) by which mussels anchor themselves to 

rocky shores (Benjamin et al., 2006; Waite et al., 2004). A comparative survey of 

anchorage sites is largely uncharted territory, but likely to highlight the most important of 

basic constructional principles that apply to TL.

An Historical Note on Terminology: The earliest origins of the word ‘enthesis’ are unclear. 

It is possible that they have a mythological background. The nymph Thetis (mother of 

Achilles), is said to have dipped Achilles into the river Styx. This made him invulnerable, 

except for the heel by which she held him. However, Khan (2002a) has presented an 

alternative view on the origin of enthesis. He considers that the word is derived from the 

adjective enthetic. According to its Greek roots, this means ‘fit for implanting’. Khan 

(2002a) states that enthetic was originally used in the Cl9th to refer to diseases which had 

been inoculated or implanted into a body from an external source - particularly infections. 

In the C20th, the use of the adjective diminished, and the noun enthesis was used to 

describe the use of artificial materials for repairing a defect. Certainly, what is clear is that 

it is only much more recently that an enthesis has come to mean the site where a tendon or 

ligament attaches to bone. Such a meaning started in rheumatology, but the usage is now 

common and has spread to many other branches of medicine and science.

One of the most influential early descriptions of TL insertional structure was that of Dolgo- 

Saburoff (1929). He clearly described the anatomy of the cat patellar ligament and its 

multilayered appearance. Following these studies, further work reported in the German 

literature (see Knese and Biermann (1958) for further details) lead to the detailed 

description of the attachments of a large number of human entheses. However, it was not 

until the late 1960s, that the pathology of attachment sites attracted significant attention via

- 11 -
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the seminal work of Niepel and colleagues (1966). They introduced the word enthesopathy 

-  a term which is still in use today to refer to any pathological disorder of an enthesis.

1.1.1. ENTHESIS STRUCTURE 

MACROSCOPIC STRUCTURE

As TL approach bone, they flare out in order to increase the surface area of the attachment. 

A good example of this is the combined insertion of the tendons of sartorius, gracilis and 

semitendinosus onto the tibia. These 3 tendons constitute the pes anserinus or ‘duck’s 

foot’ because of their highly flared appearance. The pes anserinus is also illustrative of the 

general principle that neighbouring entheses often merge with each other on the skeleton to 

form stronger and more stable attachments. Indeed, this may be reflected in their 

development - as with the Achilles tendon and the plantar fascia. In the foetus, the Achilles 

tendon and plantar fascia are continuous over the posteroinferior aspect of the calcaneus, 

because both structures initially attach to the perichondrium, rather than to the cartilaginous 

anlagen itself (Snow et al., 1995). With growth, this continuity is reduced, but according to 

Milz et al (2002), may still be evident in adulthood -  though Snow et al., (1995) disagree. 

The direct continuity of one enthesis with another has also been observed between the 

insertion of the quadriceps tendon and origin of the patellar ligament. Fibres from the 

former pass over the anterior surface of the patella to become directly continuous with the 

patellar ligament at its enthesis (Toumi et al., 2006). The convergence of entheses and the 

blending of attachment sites to adjacent fasciae is an adaptation for dissipating stress 

between one TL and another and thus reducing the risk of local failure. On the other hand, 

there is a need to ensure that certain tendons attach to bone discreetly in order to promote 

precise and highly intricate movements. This almost certainly relates to the greater 

propensity of tendons with small areas of bony attachment (relative to the size of the whole 

musculoskeletal unit) for avulsion. However, it should be recognised that load may be 

reduced at a given attachment site (thus reducing the risk of avulsion) by dissipating the 

action of a single muscle belly over more than one tendon -  e.g. as with the digital tendons. 

In other regions of the body, stress dissipation is promoted by a single tendon attaching to a 

number of bones. Thus, peroneus longus attaches to both the medial cuneiform and the 1st

- 12-
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metatarsal and tibialis posterior sends tendinous slips to every tarsal bone except the talus 

(Standring, 2004).

MICROSCOPIC STRUCTURE 

The Classification of Entheses

Because the pioneering histological descriptions of entheses were largely published in 

German, entheses were classified by Knese and Biermann (1958) as die diaphysaren- 

periostalen Ansdtze (which translates as ‘diaphysial-periosteal attachments’) or die 

chondralen-apophysdren Ansdtze (chondral-apophyseal attachments). Unfortunately, these 

terms only refer to the attachments of TL to long bones and cannot be easily applied to 

other parts of the skeleton. Thus, more recently, broader terminologies have been devised 

to encompass the entire musculoskeletal system. Benjamin et al., (1986) have regarded 

entheses as being either fibrous or fibrocartilaginous, depending on the character of the 

tissue at the TL-bone interface (Fig 1.1-4). Fibrous entheses are usually present where TL 

attach to the diaphysis or metaphysis of a bone -  e.g. the tibial attachment of the medial 

collateral ligament (MCL) of the knee. They equate to the diaphysial-periosteal 

attachments of Knese and Biermann (1958), which these authors have in turn sub-classified 

as either ‘areal’ or ‘circumscribed’ entheses. The distinction relates to the surface area (i.e. 

the footprint) of the attachment; the former flaring its fibres over a larger area than the 

latter. Fibrous entheses can also be further classified as either ‘bony’ or ‘periosteal’ fibrous 

attachments (Hems and Tillmann, 2000) to indicate whether the tendon inserts directly into 

the bone (Fig. 1.1) or indirectly to it via the periosteum (Fig. 1.2). It should be recognised 

however, that as development proceeds, periosteal entheses can become bony ones (Gao et 

al., 1996).

- 13-
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DFCT

Figure 1.1: The direct fibrous enthesis of pronator teres. Note the direct attachment of the dense fibrous 

connective tissue (DFCT) of the tendon to the underlying bone (B). (Specimen acquired and processed by Dr 

Koji Hayashi)

Figure 1.2: The indirect fibrous enthesis of the suspensory ligament of the equine limb. The dense fibrous 

connective tissue (DFCT) of the ligament is attached to the underlying bone (B) via the periosteum (P).

Fibrocartilaginous entheses are more common than fibrous entheses and predominate at 

epiphyses and apophyses (Benjamin et al., 1986; Knese and Biermann, 1958). The 

archetypal fibrocartilaginous attachment is exemplified by that of the Achilles tendon on 

the calcaneus (Fig. 1.3). It should be noted however that the structure of a given enthesis 

can vary greatly from region to region. Hems and Tillmann (2000) emphasised this in their 

study of the attachments of the masticatory muscles and Benjamin et al., (1986) have 

pointed out that what are termed fibrocartilaginous entheses are not cartilaginous in all 

regions. For example, at the Achilles tendon insertion, the most superficial part of the 

attachment is purely fibrous (Benjamin et al., 2002). The significance of this is in 

understanding the differential load transfer across the footprint of an enthesis which has yet 

to be thoroughly explored, though this is recognised by Maganaris et al. (2004).

- 14-
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It is also important to recognise that some muscles have fleshy attachments to bone and 

thus lack a tendinous link to the skeleton -  though usually at one end only. Even at such 

attachment sites, muscle fibres do not anchor directly to the underlying periosteum, but 

attach via a small amount of connective tissue associated with the muscle fibres (Suzuki et 

al., 2002). These entheses correspond to the muscular or ‘fleshy’ attachment sites of Knese 

and Biermann (1958).

Figure 1.3: A low power view of the enthesis organ associated with the human Achilles tendon. The enthesis 

organ comprises the enthesis itself (EF), sesamoid (SF) and periosteal (PF) fibrocartilages, the retrocalcaneal 

bursa (RB) and the tip of Kager’s fat pad (FP). Note the virtual absence of compact bone at the enthesis.

Figure 1.4: The fibrocartilaginous enthesis of the human Achilles tendon. Zones of calcified (CF) and 

uncalcified fibrocartilage (UF) are readily visible and large rounded fibrocartilage cells (FC) are conspicuous 

in the former. Note that a calcification front (the tidemark - T) separates hard from soft tissue, but that this is

- 15-
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subtly different from the tissue boundary between tendon and bone (B). This boundary is marked by an 

irregular cement line (arrows).

Fibrocartilaginous Entheses

Dolgo-Saburoff (1929) described a multilayered bony attachment of the cat patellar 

ligament in which he could distinguish 4 zones of tissue - the ligament itself, uncalcified 

fibrocartilage, calcified fibrocartilage and bone (Fig 1.4). The zonal concept remains the 

foundation of descriptions today, although Benjamin et al., (2007b) have pointed out that 

one or more of the zones may be locally absent. Cooper and Misol (1970) later showed 

that each of the zones has different characteristics, but emphasised how the layers can 

blend imperceptively with each other. Typically, the TL region (i.e. furthest away from the 

bone) is characterised by the presence of parallel bundles of collagen fibres, with rows of 

elongate fibroblasts lying between them. Within the zone of uncalcified fibrocartilage, 

these collagen fibres may become less obvious and assume a more ‘basketweave’ 

appearance, with the fibroblasts replaced by fibrocartilage cells. The latter cells are more 

rounded and lie in lacunae, surrounded by a small amount of proteoglycan-rich 

extracellular matrix (ECM). Again, they are typically arranged in longitudinal rows -  

reflecting their metaplastic origin from TL fibroblasts during development (Cooper and 

Misol, 1970; Rufai et al., 1992). The basketweave arrangement of collagen fibres is 

believed to help dissipate the load of the TL (Knese and Biermann, 1958).

Functional Significance o f Uncalcified Enthesis Fibrocartilage: The uncalcified

fibrocartilage at an enthesis promotes a gradual change of elastic modulus, which 

encourages the smooth transfer of load across the soft-hard tissue interface (Hems and 

Tillmann, 2000). It allows the gradual bending of TL collagen fibres as they approach the 

bone, in much the same way that a grommet on an electrical plug controls the bending of 

the lead which enters it (Fig 1.5.) (Schneider, 1956). The ‘bending-controf function is 

supported by the correlation which exists between the quantity of uncalcified fibrocartilage 

at different entheses, and the range of insertional angle change that occurs with joint 

movement -  the greater the angle change, the more fibrocartilage is present (Benjamin and 

Ralphs, 1998; Frowen and Benjamin, 1995). Fibrocartilage is thus a tissue designed for
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resisting compression and/or shear (Benjamin and Ralphs, 1998). It may also act as a 
stretching brake for tendons during muscular contraction (Benjamin et al., 1986; Knese and 

Biermann, 1958). In other words, it may prevent a tendon from narrowing as it elongates; 
any significant attempt at narrowing too close to a bony interface may weaken the tendon 
attachment.

Figure 1.5: The uncalcified fibrocartilage at the insertion of a fibrocartilaginous enthesis is analogous to the 

grommet on an electrical plug, facilitating gradual bending of the cord (tendon) to prevent wear and tear.

Knese and Biermann (1958) highlighted the specialised nature of fibrocartilage cells and 

this issue has been addressed in much further detail by Benjamin and Ralphs (2004). 

Benjamin and colleagues have highlighted the transitional character of fibrocartilage and 

emphasised that the term includes a wide spectrum of tissues with properties intermediate 

between those of dense fibrous connective tissue and hyaline cartilage. However, it is the 

cartilage-like molecules in the ECM of fibrocartilage which are of particular interest in 
providing a TL with the ability to withstand compression. Such loading is an inevitable 

consequence of the changing insertional angle of a TL that accompanies joint movement 

(Benjamin et al., 1986; Milz et al., 2005). More recently, the orientation of collagen fibres 

at the insertion site has attracted attention in relation to mechanisms for reducing stress 

concentration. Thomopoulos et al., (2006) demonstrated that the changing orientation of 

the collagen fibres from tendon to bone results in changes to the predicted stress 

concentrations; this may therefore influence the cell phenotype and matrix production at 

the insertion (Thomopoulos et al., 2006).
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Tidemarks: The layers of calcified and uncalcified fibrocartilage are separated by a

calcification front which is most commonly called the tidemark (Fig. 1.3), but which in the 

older German literature was called die Grenzlinie (Knese, 1957; Knese and Biermann, 

1958). Although, a tidemark separates the zones of calcified and uncalcified fibrocartilage, 

collagen fibres from the latter are continuous with those in the former, but become 

obscured by the mineralised matrix and lose evidence of crimp (Clark and Stechschulte, 

1998). Although few authors have studied the importance of the tidemark at entheses, the 

presence of a comparable boundary within articular cartilage has attracted greater attention. 

It is worth noting that Redler et al., (1975) have raised the possibility that the tidemark 

tethers the perpendicularly-orientated, collagen fibres in articular cartilage to reduce 

shearing stresses. It has also been suggested that it prevents blood vessels from penetrating 

uncalcified cartilage (Havelka and Horn, 1999).

The exact structure of the tidemark is difficult to define. Havelka and Horn (1999) have 

described a wide spectrum of appearances -  from fibrillated to granular and pointed out 

that the tidemark may be ill-defined (particularly if the tissue is pathological), vary with 

age and change with the degree of loading (Havelka and Horn, 1999). Lyons et al., (2005) 

believe that the tidemark in articular cartilage is formed by two juxtaposed laminae with 

differing biochemical characteristics. They suggest that, the tidemark serves to inhibit 

hydroxyapatite crystal formation and growth after musculoskeletal maturity. In this way, 

the cartilage is protected from progressive mineralization. Clearly, this could apply to 

entheses as well. It may help to bear this in mind when considering the significance of 

multiple tidemarks that may appear in degenerative insertional tendinopathies. The 

original tidemark remains as an indicator of a previous wave of calcification (Lyons et al., 

2005). In articular cartilage, Lyons et al.,(2006) suggest that the tidemark may fail to 

migrate in local regions, so that a region of uncalcified cartilage reaches the subchondral 

bone directly. This may provide a pathway for nutrients required by the chondrocytes. The 

cells within the calcified (fibro)cartilage that lies immediately deep to the tidemark, have 

similar characteristics to those of the uncalcified (fibro)cartilage, but are surrounded by a 

mineralised matrix. Their viability has been confirmed by a number of authors, as 

reviewed in articular cartilage by Havelka and Horn (1999).
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Subchondral Bone Plate: Although the tidemark is the mechanical boundary of an

enthesis, it is subtly distinct from the tissue boundary -  i.e. the interface between TL and 

bone. This is represented by a cement line (Fig. 1.3) (Hems and Tillmann, 2000). In sharp 

contrast to the straightness of the tidemark, the cement line is highly convoluted and the 

increased surface area it creates between TL and bone, promotes firm anchorage and 

resistance to shear (Schneider, 1956). Whether or not there is significant continuity of 

collagen fibres across the cement line (i.e. from TL to bone) at a fibrocartilaginous enthesis 

is debatable. The traditional view is that TL attach to bone via ‘Sharpey’s fibres’ and 

indeed, such fibres are obviously present at certain fibrous entheses (Hems and Tillmann, 

2000). However, Benjamin et al. (2007b) point out that compact bone may be virtually 

absent at even the largest of fibrocartilaginous entheses and that the cortical shell is often 

no more than a continuum of spongy bone trabeculae. Thus, there would seem to be 

insufficient cortical bone at the attachment site itself, to accommodate many/any 

perforating fibres of Sharpey. This even applies to a tendon as large as the Achilles where 

the absence of a substantial cortical shell is conspicuous (Fig. 1.3). It is worth noting 

however that Haines and Mohuiddin (1968) suggest that the fibres which cross the 

tidemark between uncalcified and calcified fibrocartilage at fibrocartilaginous entheses 

should be considered as equivalent to Sharpey’s fibres, because calcified fibrocartilage can 

be viewed as a form of ‘metaplastic’ bone. Although such considerations are valid, Milz et 

al.,(2002) suggest that it is the highly interdigitating nature of the calcified fibrocartilage 

zone of the inserting TL and underlying bone, which is of fundamental importance in 

promoting attachment.

Why is there so Little Compact Bone at Fibrocartilaginous Entheses? One possibility 

is that the dominance of spongy rather than compact bone, contributes to stress dissipation 

by allowing slight deformation of the bone during loading of the TL (Benjamin et al., 

2007b; Currey, 1984). In other words, stress dissipation is not the sole prerogative of the 

soft tissue side of an enthesis, but continues within the bone itself (Benjamin et al., 2007b). 

This may relate to the patterns of bone oedema that may be seen at certain entheses in 

patients with SpA and be reflected in the anisotropic arrangement of trabeculae at
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attachment sites (Benjamin et al., 2007b; Toumi et al., 2006). In addition, the absence of 

compact bone may also be an adaptation to promote access of the soft tissue to marrow 

blood vessels, for there are local areas at the enthesis where both the subchondral bone and 

calcified fibrocartilage are completely missing (Benjamin et al., 2007b). Such ‘holes’ may 

also provide access to immunocompetent cells and stem cells in the underlying bone 

marrow. Similar defects have been reported in the subchondral bone plate that supports 

articular cartilage (Shibakawa et al., 2005). It has been suggested that these could be 

involved in bone resorption and remodelling, and that they may also trigger proteoglycan 

degradation in the adjacent articular cartilage (Shibakawa et al., 2005). This could occur 

via the expression of matrix metalloproteinases (MMPs) by osteoclasts within the pit. 

Although such a potential for remodelling may be construed as beneficial, the formation of 

local defects in any subchondral plate (i.e. either that which supports articular cartilage or a 

TL enthesis) might equally create an imbalance in stress transduction within the overlying 

(fibro)cartilage. Clearly this could promote local degeneration (Shibakawa et al., 2005). In 

the light of the above considerations, it is interesting to note that damage to the subchondral 

bone (fractures) can lead to lesions in the overlying articular cartilage (Lahm et al., 2004). 

The authors have suggested that the healed bone is harder than the original, so that load 

transfer is altered and degeneration of articular cartilage ensues (Johnson et al., 1998; Lahm 

et al., 1998). Intriguingly, when alendronate (an inhibitor of bone resorption) was given to 

rats with subchondral bone fractures, remodelling of the subchondral plate was suppressed 

and the formation of cartilage lesions prevented (Hayami et al., 2004). Whether similar 

findings could apply to the enthesis is unknown.

Molecular Composition o f Enthesis Fibrocartilage: The ECM molecules in enthesis 

fibrocartilage play an important role in transferring the complex, multi-directional forces 

that act at the attachment site (Thomopoulos et al., 2003). The type of molecule present is 

directly related to the mechanical demands at the interface and this is why cartilage-related 

molecules are typical. The expression of the glycosaminoglycans (GAGs), chondroitin - 4 

and 6 -  sulphate is elevated at fibrocartilaginous entheses (as at functional entheses 

(Benjamin and Ralphs, 1998; Milz et al., 2005). These GAGs are usually associated with 

aggrecan - a large, aggregating proteoglycan that is a major constituent of the ECM in
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hyaline articular cartilage. Aggrecan is a hydrophilic molecule that imbibes water and thus 

allows the tissue to withstand compression (Kiani et al., 2002).

It is undoubtedly the aggrecan content of entheses that accounts for the ability of the 

uncalcified fibrocartilage to dissipate collagen fibre bending and prevent TL narrowing 

under load. Other small, leucine-rich, proteoglycans such as decorin, fibromodulin and 

lumican, have also been detected immunohistochemically in enthesis fibrocartilage. They 

may have an important role in regulating collagen fibril formation and thus determining the 

tensile strength of the TL (Milz et al., 2005). The importance of cartilage-like molecules in 

tendons has been highlighted by Corps et al., (2006, 2004). They demonstrate that levels of 

aggrecan and biglycan in painful tendinopathy are increased and may reflect the change in 

mechanical loading at the site of the lesion, leading to a more cartilage-like phenotype of 

the tissue (Corps et al., 2006). Such an increased expression of these proteoglycans would 

also be expected to occur at entheses, as changes in mechanical loading are also 

experienced here in injured tendons. These changes may in turn cause a further alteration 

in the mechanical loading and consequently trigger a vicious cycle of increased pathology 

(Maffulli et al., 2006).

While type I collagen generally predominates in the mid-substance of a TL, and in bone, 

type II collagen (the typical collagen of cartilage) is only characteristic of the fibrocartilage 

zones (Milz et al., 2005). Although types III and VI collagen show no significant regional 

variations across the TL-bone unit, the expression of the latter does vary between the mid

substance of the TL and the fibrocartilage zones. In the TL itself, type VI collagen is found 

throughout the ECM, while in the fibrocartilaginous regions it has a more restricted and 

pericellular distribution, suggesting that type VI collagen has different matrix binding 

functions in these regions (Waggett et al., 1998). Type III collagen has the ability to form 

heterotypic fibrils with types I and V collagen and is believed to play a role in controlling 

fibril diameter (Birk and Mayne, 1997; Waggett et al., 1998). Type X collagen has also 

been identified at entheses (within the zone of calcified fibrocartilage) and is important in 

controlling calcification (Fujioka et al., 1997). Interestingly, Kruzynska-Frejtag et al., 

(2004) have demonstrated the presence of a cell-adhesion molecule called “periostin” at the
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periodontal ligament enthesis, that may also be involved in controlling mineralisation. 

They suggest that high levels of periostin present at hard-soft tissue interfaces may prevent 

ligament cells near the soft-hard tissue boundary, from differentiating into an osteogenic 

phenotype (Kruzynska-Frejtag et al., 2004). In order words, the molecule helps to maintain 

the ligament as a non-mineralised tissue. It would thus be of interest to know whether 

periostin is expressed at other entheses and whether a reduction in its expression is 

associated with the spread of mineralization into soft tissues. Finally, it must be 

acknowledged that we know little about the turnover of any enthesis ECM molecules, but 

in the rest of the TL, it seems that men have elevated levels of collagen synthesis following 

exercise compared with women (Miller et al., 2006). This has been related to the greater 

incidence of exercise-related musculoskeletal injuries in women (Miller et al., 2006).

Non-Invasive Imaging o f Fibrocartilaginous Entheses: A number of methods have been 

used to determine the structure of entheses. The most widely used and effective is routine 

histology and immunohistochemistry. However, such invasive methods are not suitable for 

identification of pathological changes in the living. Non-invasive imaging is a practical 

alternative to identifying the structure and pathology of entheses. Conventional Magnetic 

Resonance Imaging (MRI) has proved relatively successful in identifying pathological 

changes, however, the normal structure of fibrocartilage, tendons and ligaments, along with 

many other structures are difficult to identify because these structures have very short 

transverse relaxation times (T2 ), this means that the magnetization induced in them through 

MR imaging decays very quickly and cannot be imaged. Recent technological advances in 

MR imaging have allowed the visualisation of those tissues at entheses such as 

fibrocartilage which have been previously almost impossible to distinguish. The recent 

development of ultrashort echo time and magic angle imaging has however, improved 

imaging of entheses, allowing differentiation of various tissues at the attachment site. 

Ultrashort echo time works by shortening the time to the beginning of the data reception by 

a factor of 20-200, and by using techniques which can spatially encode data as soon as the 

gradient system is enabled, it is possible to detect signals from tissues with short T2. 

Radiofrequency pulses can then be used to manipulate this signal (Robson et al., 2004). 

The second method that can be used to distinguish entheses is magic angle imaging. This
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works by highlighting differences between fibre organisations through altering the 

orientation of the collagen fibres in relation to the static magnetic field of the system. The 

different organisation of the collagen fibres results in different signal intensities therefore 

allowing differentiation of the different tissues found at entheses (Gatehouse and Bydder,

2003). Such advances in MRI imaging may prove particularly useful in identifying 

pathological changes associated with specific structures of the enthesis (Robson et al.,

2004) and also preventing misdiagnoses. Recent studies have also reported the importance 

of adipose tissue at entheses (Benjamin et al., 2004b). Unlike the other tissues of the 

enthesis, adipose tissue provides a high signal and it is therefore very easy to visualise with 

the use of MRI. However, it is possible to suppress this high signal. These modifications 

in MRI pulse sequence parameters also allows the detection of fluids used in bursographies 

and arthrographies; techniques which are particularly useful in highlighting the structure of 

bursae associated with TL attachment sites and various pathologies associated with these 

structures (Pfirrmann et al., 2001; Steinbach et al., 2002).

Ultrasonography is another useful method which can be used to view the structure of 

entheses. Morel at al., (2005) used normal and contrast ultrasonography along with 

microscopic and macroscopic observations to determine the vascularisation of the normal 

Achilles enthesis. Macroscopically a network of blood vessels were found in the most 

superficial (fibrous) region of the Achilles enthesis, however, these vessels could not be 

seen in with the use of normal or contrast US. This technique did however; highlight the 

highly vascular network of blood vessels within Kager’s triangle (Morel et al., 2005). 

Kamel et al., (2003) compared the use of MRI and ultrasound in identifying early 

enthesopathic changes associated in SpA. According to Kamel (2003) ultrasonography is 

preferential in identifying early pathological changes at entheses, by detecting fatty 

degeneration and early signs of calcification at the enthesis earlier than MRI. Ultrasound 

elastography, a novel form of non-invasive imaging, has recently been used to demonstrate 

the high levels of strain exerted at the insertion sites of the anterior cruciate ligament 

(ACL). This technique also demonstrated that the degree of deformation experienced in 

the tendon proper decreased towards bone. This reflects the increased stiffness of the
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interface with an alteration in the matrix organisation at the tendon-bone interface (Spalazzi 

et al., 2006).

Fibrous Entheses

Fibrous entheses have attracted far less interest than fibrocartilaginous attachments, 

probably because they are less frequently involved in enthesopathies. Nevertheless, a 

number of large and powerful muscles (e.g. deltoid, pectoralis major and latissimus dorsi - 

Benjamin et al., (1986) and important ligaments (e.g. the knee joint medial collateral 

ligament (MCL) (Matyas et al., 1990; Wei and Messner, 1996) have fibrous entheses. The 

footprint of fibrous entheses is generally broad (hence the term ‘areal’ used by Biermann 

(1957) and Knese and Biermann (1958) and this helps to dissipate the stress over a broad 

area and minimise stretching of the fibres within the TL. Typically, tendons with fibrous 

entheses tend to be relatively short.

As outlined earlier, there are two forms of fibrous entheses - those which attach directly to 

cortical bone and those which attach indirectly to it via the periosteum (Fig. 1.2 and 1.3). 

Following closure of the growth plate, a ‘periosteal’ fibrous enthesis can become a bony 

one, although some TL attach to the periosteum throughout life (Hems and Tillmann,

2000). It is important to recognise that the initial attachment of a metaphyseal TL to the 

periosteum of a long bone (rather than to the bone itself), allows the TL to migrate as the 

bone lengthens, so that the relative position of the ligament remains unchanged (Fig 1.6). 

This is because the periosteum can grow interstitially, but the bone itself cannot -  it can 

only grow by appositional means (Dorfl, 1980a, b). A periosteal, fibrous enthesis is 

inevitably weaker than a bony one.
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Figure 1.6: Schematic representation of the migration of a metaphyseal fibrous enthesis during growth of a 

long bone. (A) The indirect attachment of a tendon or ligament to the periosteum (rather than to the 

underlying bone) allows migration of the attachment during growth and ensures that the attachment site 

remains in the same relative location with respect to the position of the growth plate (shown as a blue band). 

(B) If the tendon or ligament attached directly to bone, the attachment would not be able to migrate during 

elongation of the bone.

The tibial attachment of the knee joint MCL has been the focus of most interest in fibrous 

entheses, because of the involvement of this ligament in traumatic knee injuries (Dorfl, 

1980a, b; Gao et al., 1996). Its structure has been described in detail by Matyas et al., 

(1990) in the rabbit MCL. They distinguished 5 layers. Layer I is formed by a delicate 

connective tissue on the surface of the ligament, which becomes continuous distally with 

the superficial layer of periosteum. Layer II is composed of the densely packed collagen 

fibres of the ligament itself, which merge with the fibrous layer of the periosteum. Layer 

III is formed by the loose connective tissue covering the deep surface of the ligament. This 

blends with the osteogenic layer of the periosteum at the insertion site. Layers II and III 

are however lost during maturity - mineralization of these ligament layers forms layer IV, 

which may equate to the specialised form of bone, known as ‘fibre bone’ or ‘insertion 
bone’ as described by Petersen (1930). Finally, layer V is the underlying cortical bone 

(Matyas et al., 1990).
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Muscular Entheses

The term ‘muscular enthesis’ denotes the attachment of a muscle belly to bone - without 

the presence of a tendon. This adaptation usually occurs where the angle at which the 

muscle acts is insignificant, thus negating its requirement - eg. quadratus femoris and 

gluteus maximus (Benjamin and Ralphs, 1997; Jones, 1982). The footprint is typically 

extensive and this reduces stress concentration at the bony interface substantially. Despite 

the absence of a tendon, the bony attachment is still mediated via fibrous connective tissue 

which attach indirectly to bone via the periosteum (Knese and Biermann, 1958; Suzuki et 

al., 2002). Intriguingly, Chen et al.,(2006) demonstrated the expression of parathyroid- 

hormone related protein (PTHrP) at muscular entheses -  a molecule which has also been 

identified in the periosteum at fibrous entheses, however its role in this location is still 

unknown (Chen et al., 2006).

1.1.2. THE ENTHESIS ORGAN CONCEPT

Benjamin and McGonagle (2001) coined the term ‘enthesis organ’ to denote a collection of 

structures adjacent to the attachment site itself, which are functionally associated with the 

enthesis and which also play an important part in reducing stress concentration at the soft- 

hard tissue interface. The concept of an enthesis organ explains why patients may present 

with symptoms adjacent to an enthesis as well as at the enthesis itself (Olivieri et al., 1998). 

Curiously, the idea that there is more to an enthesis than just the attachment site itself was 

considered by Niepel and Sit’aj (1979) over quarter of a century ago, but ignored at that 

time.

The archetypal enthesis organ is that of the Achilles tendon (Fig. 1.3), which Canoso 

described as the “premiere enthesis” (Canoso, 1998). Canoso had long been aware of the 

contribution of neighbouring structures to the role of the enthesis itself and had made 

particularly pertinent observations on the functions of Kager’s fat pad which protrudes into 

the retrocalcaneal bursa (Canoso et al., 1988). The triangular tip of this fat pad, the 

retrocalcaneal bursa itself and the fibrocartilages which form its walls collectively 

constitute the enthesis organ of the Achilles tendon (Fig. 1.3). The two fibrocartilages in
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the bursal walls comprise a variably-thick, periosteal fibrocartilage on the superior 

tuberosity of the calcaneus, and a sesamoid fibrocartilage within the deep surface of the 

opposing tendon. They are an adaptation to resist compression and/or shear when the foot 

is dorsiflexed and the tendon is brought in contact with the calcaneal tuberosity. The fluid- 

filled bursa facilitates a change in insertional angle between the tendon and the bone during 

foot movements. By analogy with synovial joints, the presence of hyaluronan within the 

bursa might be expected to reduce the coefficient of friction substantially and thus prevent 

the build up of heat. Bursal fluid may also be important as a source of nutrients and 

oxygen for the avascular fibrocartilages (Mason et al., 1999).

In understanding the concept of an enthesis organ, the reader should note that the bone 

immediately adjacent to the Achilles tendon enthesis (i.e. the tuberosity) acts as a mini 

pulley for the tendon and that contact between the two reduces stress concentration at the 

enthesis itself -  albeit at the expense of increasing wear and tear in the contact zone 

(Benjamin et al., 2007a). Evidence of this is common in the walls of the retrocalcaneal 

bursa of elderly individuals (Rufai et al., 1995). It should be noted that as the foot is 

dorsiflexed, the Achilles tendon presses against the tuberosity, so that the insertional angle 

of the tendon is not altered with further dorsiflexion.

In generalising from the specific features of the Achilles tendon enthesis organ to concepts 

which apply elsewhere in the body, it is important to recognise that TL often attach to bone 

near tuberosities or are sunken into pits. The former are exemplified by the insertion of 

biceps brachii and the patellar tendon, and the latter by the attachment of the tendon of 

popliteus and the collateral ligaments of the interphalangeal joints. Wherever a TL sinks 

into a pit at its attachment, the adjacent bone surface is higher and can thus act as a pulley, 

dissipating stress away from the attachment site itself (Benjamin et al., 2006).

Adipose Tissue at Entheses

The presence of adipose tissue at other entheses is also common. However, its significance 

is often misinterpreted and many authors merely equate it with TL degeneration (Jozsa and 

Kannus, 1997). Although Benjamin et al. (2004b) agree that fat in TL may be pathological,
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they argue for a variety of normal functions of fat at or near entheses. They have shown 

that adipose tissue is present not only at the insertional angle of many entheses, but also in 

the epitenon and endotenon near the attachment site (Benjamin et al., 2004b). Endotenon 

fat is particularly characteristic of certain entheses where the TL flares out (e.g. peroneus 

longus insertion and the tibial attachment of the ACL) and may thus contribute as a space 

filler and/or promote the independent movement of fascicles (Benjamin et al., 2004b). In 

light of these observations it is clear that the presence of adipose tissue at entheses needs 

further investigation. This study will therefore also describe the structure of the 

retromalleolar fat pad associated with the Achilles tendon enthesis.

1.1.3. ENTHESOPATHIES

Despite the adaptations which occur at entheses for preventing wear and tear, they are still 

prone to pathological changes, overuse injuries in particular are common. They are best 

termed ‘enthesopathies’ (a term which embraces both tendons and ligaments), but have also 

been called ‘enthesiopathies’, ‘insertional tendinopathies’ or ‘insertional tendinoses’ -  

though the last two can only be applied to tendons. It should be noted that some authors 

use a more general pathological term, which applies to a whole tendon or ligament, when 

discussing enthesopathies. ‘Achillodynia’ (painful Achilles) for example, covers the whole 

spectrum of Achilles tendon problems and may disguise the fact that an author is at least 

partly considering enthesopathies. The term ‘enthesitis’ may be appropriate for some 

enthesopathies (particularly in patients with spodyloarthropathies (Francois et al., 2001), 

but carries with it the implication that the attachment site is inflamed. The reader should 

note therefore that the current consensus view is that most overuse injuries at entheses are 

degenerative rather than inflammatory (Khan et al., 1999a; Lemont et al., 2003). Where 

inflammation does occur, it may be a secondary change related to tissue repair (Khan et al., 

1999a).

Enthesopathies can affect a wide variety of different TL and among the most common are 

the Achilles tendon, patellar tendon (both ends), quadriceps tendon, supraspinatus, and the 

common extensor and flexor tendons of the forearm (Khan et al., 1999a). The aetiology of
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enthesopathies is often unclear, though as with tendinopathies in general, both intrinsic and 

extrinsic factors are involved. Maganaris et al. (2004) have made the interesting suggestion 

that parts of entheses may be stress-shielded, so that when increased loading occurs, that 

particular region of the attachment site is unable to adapt sufficiently. They point out that 

the stress-shielded site is often subject to greater compressive (rather than tensile) loading 

than the rest of the enthesis. Such regions are characterised by fibrocartilage (Benjamin and 

Ralphs, 1998) -  a tissue which can show a variety of pathological changes at the certain 

entheses -  e.g. that of the Achilles tendon (Rufai et al., 1995). Maganaris et al (2004) have 

thus argued that some enthesopathies that are traditionally viewed as overuse injuries could 

be better viewed as ‘underuse injuries’ -  a contention that has also been applied more 

broadly to other musculoskeletal injuries in athletes (Stovitz and Johnson, 2006). 

Maganaris et al (2004) suggest that tensile loading at entheses is non-uniform and it is the 

less heavily loaded regions that are most vulnerable. Commonly, these are on the joint side 

of an attachment site -  e.g. in rotator cuff problems, jumper’s knee and Achilles insertional 

disorders (Maganaris et al., 2004). Certainly, so-called ‘fibrocartilaginous entheses’ are of 

non-uniform composition and are purely fibrous in some parts of the enthesis (Benjamin et 

al., 1986; Woo and Buckwalter, 1988). This is likely to reflect regional differences in 

tensile loading. It must be remembered however that an increase in compressive/tensile 

loading in what is regarded as a ‘stress-shielded’ site of an enthesis, may lead to 

degenerative changes which parallel those in osteoarthritic articular cartilage. These may 

contribute to the histopathological basis of overuse injuries. It should also be noted that 

Toumi et al (2006) highlight regional differences in trabecular architecture at the patellar 

enthesis of the patellar tendon. Their results suggest that the medial region is subject to 

greater tensile loading than the lateral -  yet it is the medial part of the enthesis that is most 

typically associated with jumper’s knee.

Finally, it is important to remember that other components of an enthesis organ may be 

subject to pathological change in addition to the enthesis itself. Thus, degenerative changes 

have been documented in the periosteal and sesamoid fibrocartilages of the Achilles tendon 

enthesis organ, in addition to the attachment site (Rufai et al., 1995). These changes 

include Assuring, fragmentation, partial delamination, cell clustering and calcification.
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They serve as a reminder that the clinical symptoms of an enthesopathy need not 

necessarily affect only the enthesis (Rufai et al., 1995).

Iliotibial Band (ITB) Syndrome

Iliotibial band (ITB) syndrome is characterised by pain and tenderness over the lateral 

epicondyle of the femur, particularly at 30° of flexion. The band itself is a lateral 

thickening of the dense fibrous connective tissue of the fascia lata of the thigh which 

attaches to Gerdy’s tubercle on the anterolateral aspect of the tibia after passing over the 

lateral femoral epicondyle. ITB syndrome is a well recognised overuse injury common in 

runners and cyclists but has also been noted in other sports including skiing and 

weightlifting. It is traditionally believed that the condition is caused by repetitive friction 

between the ITB and the lateral epicondyle of the femur, when the band ‘rolls over’ it 

during knee movement. However, recent investigation into this condition by Fairclough et 

al., (2006, 2007) has brought to light novel anatomical information which has not 

previously been recognised. They contest that the ITB does not actually move in an 

anterior-posterior direction, this is an illusion created but the sequential shifting of tensile 

load from the anterior fibres of the ITB to the posterior fibres during knee flexion. They 

also demonstrate the presence of fibrous strands anchoring the ITB to the distal part of the 

femur, penetrating the periosteum and the presence of adipose tissue between the band and 

the lateral epicondyle, therefore resembling a bony enthesis (as above). In addition to these 

histological findings, MRI data has demonstrated that the ITB moves in a medal to lateral 

direction during knee flexion i.e. a change in the insertional angle of the attachment. The 

correlations between this structure and entheses suggest that ITB syndrome could be 

classified as an enthesopathy (Fairclough et al., 2006, 2007).

Bony Spurs (Enthesophytes)

Particular mention is made of bony spurs (enthesophytes) as they are commonly found in 

athletes -  especially at the attachment of the Achilles tendon, common extensor origin and 

plantar fascia. Some spurs may exceed 1 cm in length (Maffulli et al., 2004), but some 

may not be symptomatic (Williams, 1987). However, they may be associated 

histologically with evidence of degenerative change elsewhere at the enthesis (Rufai et al.,
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1995). We would raise the possibility that spur formation is not necessarily pathological. 

Some spurs may represent an adaptive mechanism to increase the surface area of contact 

between tendon and bone at an enthesis and thus maintain the tendon-bone unit at 

maximum efficiency, in the face of increased mechanical loading (Galtes et al., 2006). 

Perhaps this is why some bony spurs re-form after they have been surgically removed?

An enthesophyte must be distinguished from what is simply a region of soft tissue 

calcification that has developed at an enthesis. The term implies specifically that 

ossification has extended from the bone into the TL at the attachment site, whereas soft 

tissue calcification merely means the deposition of calcium salts. It is commonly reported 

in tendons as calcifying tendonitis or tendinopathy (Uhthoff et al., 1976). Calcification 

obviously accompanies ossification, but can occur in its absence and this is a point of 

common confusion among those new to the field. The distinction between soft tissue 

calcification at an enthesis and bony spur formation can easily be made in histological 

sections, but may also be made radiologically (Rufai et al., 1995). The molecular pathways 

which leads to spur formation, have not yet been clearly elucidated, though it has recently 

been suggested that loss of noggin - an antagonist of bone morphogenic protein (BMP) 

expression, can induce ectopic bone formation in ankylosis (Lories et al., 2006).

Seronegative Spondyloarthropathies (SpA)
The spondyloarthropathies are a collection of related inflammatory disorders, including 

ankylosing spondylitis, reactive arthritis, psoriatic arthritis (PsA), undifferentiated 

spondyloarthropathy and inflammatory bowel-disease associated arthritis. Inflammation at 

entheses - ‘enthesitis’ -  is a characteristic feature of this collection of diseases and has been 

demonstrated (with the use of MR imaging) to be a unifying feature between them 

(Benjamin and McGonagle, 2001). Inflammation of other parts of the body including 

joints and some non-articular structures such as the skin, eye, gut and aortic valve also 

occur in these conditions. Although, many groups have studied these diseases, the 

aetiology of SpA is still widely debated. Some suggest there is a microbial background to 

the condition which induces an immune-mediated pathogenesis; however, no organisms 

have been cultured successfully from joints inflamed by SpA (McGonagle et al., 2002).
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There has also been determined a strong genetic contribution to SpA with HLA-B27, 

(human leukocyte antigen B27) an allele of the major histocompatability complex (MHC). 

However, are there is a degree of variation in its involvement between different forms of 

SpA and this is also demonstrated to differ greatly between ethnic groups. Therefore 

testing for HLA-B27 is not considered clinically helpful, as SpA can occur without the 

presence of the allele (as reviewed by - Khan, 2002b). It has also been proposed that the 

breakdown of aggrecan and type II collagen molecules of the fibrocartilaginous enthesis - 

in response to mechanical loading - may initiate an autoimmune response to these 

molecules in a similar manner to animal models, injected with aggrecan or versican (as 

reviewed by - Zhang et al., 2002). However, Benjamin and McGonagle (2001) proposed 

that the diverse localisation of lesions identified in SpA may be related to the high levels of 

mechanical stress experienced at these various anatomical sites, resulting in large amounts 

of tissue microtrauma leading to the liberation of inflammatory factors, and deposition of 

microbes at the site in response to healing. These co-stimulatory factors in susceptible 

individuals with the HLA-B27 gene, may all contribute to the formation of the lesion and 

development of the disease (McGonagle and Emery, 2000).

1.2. TENDON

MACROSCOPIC STRUCTURE

Tendons are dense regular connective tissue structures which serve to transmit the force 

generated by muscle to bone to facilitate joint movement. However, the biology and 

structural anatomy of the tendon allows it to perform a number of other functions 

associated with this principal role of joint movement (as reviewed by - Benjamin and 

Ralphs, 1997): (a) Long tendons allow the muscle to work at a distance from its site of 

insertion such as in the hand or foot. This arrangement prevents the bulk of the muscle 

compromising dextrous movements. Furthermore, en route to their site of action tendons 

are able to (b) wrap around fibrous or bony pulleys, therefore permitting a change in the 

direction of muscle pull and (c) pass through confined spaces. In these locations, tendons 

are usually surrounded by specialised synovial tendon sheaths, which consist of two layers, 

which are filled with synovial fluid to reduce friction during movement (Lovell and
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Tanner, 1908). In addition, tendons are able to support synovial joints such as those in the 

finger or knee by forming part of the joint capsule. There is a whole host of anatomical 

variations among tendons. Structurally, tendons can form broad, flat aponeuroses to oval, 

or round thin, cord-like structures. Furthermore, numerous tendons can arise from a single 

muscle to distribute the force exerted from the muscle. In some cases such, as the 

extensors of the hand, tendinous slips, known as juncturae tendinum, are present to connect 

these adjacent tendons together -  although there is a large variation in their shape and 

occurrence between individuals (von Schroeder et al., 1990). Functionally, juncturae 

tendinum are believed to further distribute muscle force, but also ensure coupled movement 

of the fingers (von Schroeder and Botte, 1993).

Although, most tendons experience tensional forces in regions where the tendon passes 

around bony pulleys, the tendon is also subjected to compressional and frictional forces. In 

these regions it has been well documented that fibrocartilage formation occurs which 

allows the tissue to resist compressive stress (Benjamin et al., 1995; Vogel and Koob,

1989).

MICROSCOPIC STRUCTURE

In the adult, the midsubstance of a tendon is composed of a collagenous ECM and a 

relatively small number of tendon fibroblasts. The collagenous ECM primarily contains 

type I collagen fibre bundles that lie in a parallel organisation to form a dense regular 

connective tissue synthesised by the resident tendon fibroblasts, which lie in parallel rows 

between the bundles of collagen fibres (Fig 1.7.A) (Kannus, 2000; Stevens and Lowe,

2001). When examined in cross section, the inactive tendon fibroblasts have a spindle, or 

stellate appearance and possess long thin, cell processes that allow adjacent cells to interact 

with one another (Fig 1.7.B)(McNeilly et al., 1996). At these sites of cell interactions, cell

cell junctions are located which are understood to allow communication between cells, and 

can therefore allow the cells to act as an integrated cell population (McNeilly et al., 1996). 

However, they have also been shown to have an important role in early development of the 

tendon from mesenchymal condensations (Fish, 2006).
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(A)

Figure 1.7: (A) Schematic representation of a longitudinal section through an adult tendon. Arrow indicates 

longitudinally running tendon fibroblasts and their characteristic elongated nuclei (Stevens and Lowe, 2001). 

(B) Schematic representation of a cross section through an adult tendon. Stellate shaped tendon fibroblasts 

(white) send out enlongated lateral processes to form a cell network within the highly collagenous tissue 

(blackXMcNeilly et al., 1996).

Tendons are made up of an ascending hierarchy of collagen bundles that generates an 

organised fascicular structure (Fig 1.8). Several collagen molecules combine to form a 

microfibril, which when combined with 4 or more other microfibrils forms a fibril. When 

several fibrils combine, these are known as fibres. The fibres run the entire length of the 

tendon and are arranged along the long axis of the tendon (Kannus, 2000). Scanning 

electron microscopy (SEM) has demonstrated that the collagen fibres do not always lie in a 

parallel fashion, some fibres crossing over each other and form pleats. This 3D structure 

provides the tissue with a greater ability to withstand transverse and rotational forces which 

are frequently experienced by tendons (Jozsa et al., 1991; Jozsa and Kannus, 1997). A 

collection of fibres (primary and secondary fibre bundles), surrounded by endotenon, is 

known as a fascicle. Endotenon is a loose reticular network of connective tissue that 

facilitates movement of the fascicles and provides a supportive passage for neurovascular 

bundles and lymphatics to run deep into the tendon (Edwards, 1946). A group of fascicles, 

constituting the tendon proper, is enclosed by the epitenon which is structurally similar to 

the endotenon with a characteristic criss-cross pattern of crimped collagen fibres that act to 

dissipate stress between the fascicles and hold them together (Rowe, 1985). Covering this
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is the paratenon (O'Brien, 1997). This, in contrast to the epi- and endotenon, contains fine 

collagen fibrils within a series of thin membranes that run parallel to the long axis of the 

tendon. The paratenon reduces friction between the tendon and surrounding tissue, thereby 

enhancing tendon gliding, through secretion of synovial fluid from its inner surface (Rowe, 

1985).

Epitenon

Endotenon

Endotenon

Tendon
F ascicle

Fibril
Microfibril

Figure 1.8: Simplified schematic drawing of the ascending hierarchical structure of the Achilles tendon 

(Modified from - Kannus, 2000).

MOLECULAR STRUCTURE
In addition to type I (and III collagen), which provide the tendon with high tensile strength, 

collagen types V and VI are also present in small quantities within tendons (Carvalho et al., 

2006; Vogel and Meyers, 1999; Waggett et al., 1998). These fibrillar collagens are 

associated with type I collagen molecules and regulate fibril diameter and ECM 

organisation within the tendon (Birk et al., 1990; Birk and Mayne, 1997; Bonaldo et al.,

1990). Furthermore, the small-leucine rich proteoglycans (SLRPs) decorin, fibromodulin, 

and lumican are present in the tendon midsubstance (Svensson et al., 1999; Waggett et al., 

1998). Decorin is understood to play an important role in controlling fibril orientation and 

deposition during tendon development (Scott, 1996) as are the other aforementioned 

SLRPs (Svensson et al., 1999), although at different developmental periods (Ezura et al.,

2000). Biglycan, another SLRP, was also identified in the tendon midsubstance (Vogel and 

Meyers, 1999; Waggett et al., 1998). The function of biglycan is however less well
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understood. It is suggested that biglycan may have a role in binding transforming growth 

factor (TGF) -  (3 which may result in upregulation of aggrecan expression and 

fibrocartilage formation under conditions of compression (Robbins et al., 1997). Although 

tendons are known to have limited elastic ability, elastic fibres are present within the 

tendon. These fibres are understood to play an important role in restoring the natural crimp 

to the collagen fibres following loading (Benjamin and Ralphs, 1997; Ros et al., 1995). It 

is interesting to note that aggrecan is also present in the mid-substance tendon (Waggett et 

al., 1998); however it may be isolated within the endotenon (Rees et al., 2007). It is 

speculated that its presence in this location may help resist compression of the collagen 

fibres during loading, therefore helping to facilitate movement between them (Rees et al., 

2007).

As described above, tendons show a number of regional adaptations in the form of 

fibrocartilage which develops in regions which experience high levels of compressive 

stress. Fibrocartilage formation occurs at regions where TL wrap around bony or fibrous 

pulleys, in addition to bony attachment sites. These wrap-around regions have also been 

termed ‘functional entheses’ by (Benjamin and McGonagle, 2001), due to their structural 

and functional similarities to true entheses. Fibrocartilage in tendon wrap around regions, 

like entheses, is characterised by metaplasia of tendon fibroblasts into rounded, 

fibrocartilage-cells, resulting in the expression of type II collagen, and the up-regulation of 

aggrecan in addition to the normal ECM molecules described above in tendon due to their 

metaplastic origin (Vogel, 2004; Vogel et al., 1986; Vogel and Koob, 1989). Aggrecan and 

type II collagen molecules work together to form a stable compression resistant matrix, 

which will prevent excess wear and tear to the region during skeletal movement in a similar 

manner to articular cartilage (Buckwalter and Mankin, 1998). Under conditions of 

pathology or repair, the midsubstance of the Achilles tendon can also contain fibrocartilage 

formations which are able to ossify into bony nodules (Rooney et al., 1993). 

VASCULARISATION

Tendons receive their blood supply from the vessels that surround them and provide the 

peri- and intra-tendinous tissue with a network of blood vessels (Ahmed et al., 1998; 

Zantop et al., 2003). These vessels are organised in a uniform fashion throughout the
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tissue, via a series of longitudinal channels running within the endotenon, with transverse 

anastomoses linking the longitudinally running vessels at regular intervals. Capillaries 

branch from these arterial beds within the endotenon but have not been shown to penetrate 

the collagen bundles (Edwards, 1946). The tissue itself is therefore considered to be a 

relatively avascular structure primarily due to the low metabolic requirements of a 

predominately extracellular tissue. Pathologically, tendon vascularisation has been a 

source of debate. Numerous studies have described regions in certain tendons (such as the 

human Achilles tendon) which have particularly low levels of vascularisation. These 

regions are prone to degenerative changes and subsequent rupture (Peacock, 1959); 

however variations between studies have provided no conclusive proof that 

hypo vascularisation of these regions is the primary cause of these changes (as reviewed by 

- Theobald et al., 2005). In contrast, hypervascularisation is frequently observed in 

pathology (Astrom and Rausing, 1995); however its role in healing is unclear (as reviewed 

by Fenwick et al., 2002).

Regions of fibrocartilage in tendon are particularly avascular (Kraus et al., 1995; Tillmann 

and Koch, 1995). Studies have demonstrated that blood vessel formation (angiogenesis) is 

inhibited in avascular tissues through one of two ways: either expression of inhibitory 

factors, or the intrinsic insufficiency of resident cells to express stimulatory peptides. It has 

recently been reported that VEGF (vascular endothelial growth factor), which promotes 

angiogenesis, is present in the developing tendon until the induction of intrauterine 

movement. However, in regions which are designated to become fibrocartilaginous (and 

avascular), VEGF is continually absent, suggesting that these cells are incapable of 

expressing such stimulatory peptides, therefore preventing its vascularisation (Petersen et 

al., 2002). Within the adult tendon VEGF is down-regulated, so it is possible that the 

continued absence of the blood vessels within adult fibrocartilage is maintained by 

inhibitory peptides. Pufe et al., (2003) therefore tested the role of endostatin, a potent 

inhibitor of endothelial proliferation and therefore angiogenesis. High levels of endostatin 

were subsequently determined in the developing tendon. Why both stimulatory and 

inhibitory factors are present in the developing tendon is unknown, although it is postulated 

that, inhibitory factors may either play a role to inhibit vascular overgrowth in the
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developing tendon which may be the result of high levels of VEGF (Petersen et al., 2002; 

Pufe et al., 2003).

Fibrocartilage formation in tendon is induced by shear and compressive forces (Vogel and 

Koob, 1989), as a result, it is suggested that the expression of VEGF and endostatin are 

mechanically regulated. This hypothesis was tested with rat tendon fibroblasts exposed to 

intermittent hydrostatic pressure in vitro (Petersen et al., 2002). Levels of VEGF are 

increased under continuous mechanical loading and this can be considered to have both 

favourable, by increasing regenerative potential, and unfavourable effects, by weakening 

the tissue through endothelial growth (Petersen et al., 2004). Within adult tissues, levels of 

endostatin were retained in fibrocartilage wrap around regions, but down-regulated in 

normal tendon, suggesting that the expression of endostatin is essential in retaining the 

avascular nature of this tissue. It was also demonstrated that mechanical factors such as 

compression and shear, the same factors which induce the formation of fibrocartilage in 

tendon, regulate the expression of secreted factors which act as inhibitors to angiogenesis 

(Pufe et al., 2003). The same principle of angiogenesis inhibition could therefore be 

applied to fibrocartilage of the Achilles tendon insertion. More recently another inhibitor 

of angiogenesis has been discovered in tendons and ligaments. It is a novel type II 

transmembrane protein, named tenomodulin (TeM) which has a domain homologous to the 

cartilage specific angiogenic inhibitor chondromodulin I (ChM-I) (Shukunami et al., 2005).

INNERVATION

Tendon innervation was first studied by Stilwell (1957), who described that these structures 

are innervated primarily by nerve fibres from surrounding structures. More recently 

Ackermann et al., (2001) described the innervation of the mid-substance of the rat Achilles 

tendon in detail. This latter study established that the tendon itself has a relatively poor 

nerve supply, and like its vascularisation, the majority of nerve fibres are present within the 

supportive connective tissues (i.e. the paratenon and endotenon). These nerve fibres were 

described as either “free” nerve endings or blood vessel associated. The vessel-associated 

nerve fibres were identified as autonomic by the presence of the 

neurotransmitters, neuropeptide Y (NPY) and noradrenaline (NA) - which have
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vasoconstrictive properties, and vasoactive intestinal peptide (VIP) - a vasodilatory factor. 

These autonomic fibres are therefore believed to play a major role in the regulation of 

blood flow within the Achilles tendon (Ackermann, 2001). The “free” nerve fibres within 

the endotenon contained the neuropeptides SP and CGRP indicating that they collect 

sensory and nociceptive information and conduct this information to the CNS (Ackermann,

2001). A similar study has also been carried out in man by Bjur et al., (2005). It was 

found that the human Achilles tendon is also primarily supplied by sensory nerves 

travelling within the connective tissue sheaths of the tendon (Bjur et al., 2005). By 

comparing the innervation of the Achilles tendon and a number of ligaments, Ackermann 

(1999) identified that there was a predominance of SP and CGRP in the Achilles tendon 

over the tested ligaments. It is hypothesized that this difference may reflect different levels 

of vulnerability to repetitive mechanical loading between the two dense fibrous connective 

tissue structures (Ackermann et al., 1999). Several opioids (pain modulating 

neuropeptides) have also been identified within the peritendinous tissue of the Achilles 

tendon. It can therefore be assumed that the Achilles tendon may have an inherent, active 

system that may be used to reduce signalling from nociceptive nerve fibres (Ackermann, 

2001).

A study into exercise-induced Achilles tendon disorders in the rat (which resemble that of 

tendinosis or paratendoinosis in man), showed an increase in the number of nerve fibres 

and hypervascularisation in the tendon. The increased numbers of nerve fibres may 

therefore indicate where pain associated with these conditions originates from (Messner et 

al., 1999). A similar increase in nerve fibres in tendonosis has also been identified in man 

(Schubert et al., 2005).

1.4 SUMMARY OF THE OVERALL AIMS OF THE THESIS

1. Due to the potential importance of enthesial innervation in health and disease, this thesis 

aims to describe the innervation of the 3 different types of entheses:

❖ The rat Achilles tendon enthesis organ and changes in its structure and innervation 

with the age of the animal from neonate to 24 months of age.
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❖ The fibrous enthesis of the medial collateral ligament in the rat.

❖ The muscular enthesis of tibialis anterior in the rat.

In addition, the structure and innervation of the proximal attachment of the suspensory 

ligament in the equine hindlimb is described in normal and pathological samples.

2. In light of the recent interest in adipose tissue at entheses, the retromalleolar fat pad 

associated with the Achilles tendon enthesis organ will also be studied in detail, including:

❖ Routine structure of the fat pad and changes with the age of the rat.

❖ The ultrastructure of the fat pad in the rat.

❖ The presence of macrophages and inflammatory cells in the fat pad and changes in

their number and distribution with the age of the rat.

♦♦♦ The effect of appetite inducing hormones on the size of the fat pad in the rat.

❖ Anatomical variations and the effect of weight on the size of the fat pad in 

cadaveric specimens.

❖ The development of the fat pad in the human foetus.

3. Finally, this study aims to understand the mechanisms controlling the innervation of the

rat Achilles tendon enthesis organ in the adult and newborn rat with the use of a 

competitive in vitro nerve growth study.

NOTE

This Chapter forms the basis of a review article published in the Scandinavian Journal of 

Medicine and Science in Sports. See page 308.
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2. GENERAL MATERIALS AND METHODS

2.1. ROUTINE HISTOLOGY 
Fixation and Paraffin Embedding

Specimens were fixed in 10% neutral buffered formalin solution or 4% paraformadehyde in 

0.1M phosphate buffer (PB) (see appendix I) for 1 week and decalcified in 5% nitric acid 

or 10% ethylenediaminetetraacetic acid (EDTA) disodium salt solution (see appendix I). 

Samples were subsequently washed in 0.1 M PB (see appendix I) and dehydrated in graded 

alcohols (70%, 95%, and 100% with two changes of 20 minutes each), cleared in xylene 

(two changes of 20 minutes) and embedded in 58°C paraffin wax.

Sectioning

Following paraffin embedding, serial sagittal sections were cut at 8 pm throughout each 

block on a Leitz microtome (Leitz, Wetzlar, Germany). Sections were collected from a 

water bath (45-50°C; RA Lamb Medical Supplies, Eastbourne, UK) and mounted on glass 

slides (RA Lamb Medical Supplies, Eastbourne, UK). The slides were air dried for 

approximately lh on a heated rack and dried overnight in an incubator (B and T, Unitemp, 

High Wycombe, UK) at 45 °C.

Staining

Sections were dewaxed in xylene (two changes of 5 minutes), and re-hydrated in a 

descending series of alcohols: two changes of 100% - 2 minutes each, one change of 95% 

and 70% (2 minutes each) and subsequently washed in running tap water. The sections 

were stained with toluidine blue, Haematoxylin and Eosin (H & E), Masson’s trichrome, or 

van Gieson’s elastic stain (see appendix I). Following staining (except toluidine blue), 

sections were dehydrated in graded alcohols (one change of 95% for 1 minute, two changes 

of 100% - 2 minutes each), cleared in xylene (two changes of 5 minutes each; see appendix 

I). Sections were then mounted under coverslips using DPX (Distyrene, Plasticizer, and 

Xylene - RA Lamb Medical Supplies, Eastbourne, UK). Slides stained with toluidine blue 

were, air dried, cleared in xylene (two changes of 5 minutes) and mounted under coverslips 

using DPX.
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Microscopy

Slides were viewed with a Leitz DMRB Leica (Leitz, Wetzlar, Germany) light microscope 

and images captured using either a 3-CCD color video camera (JVC KY-F55B; JVC 

Wayne, NY), or moticam 2000 (Motic China Group Co Ltd.) and subsequently processed 

digitally using Adobe Photoshop (version 6).

2.2. IMMUNOHISTOCHEMISTRY
Sectioning

Following fixation, specimens were soaked in 10% sucrose solution in 0.1M PB (see 

appendix I) overnight at 4°C prior to cryosectioning. This reduces damage caused by ice 

crystals within the tissue during freezing. Material was frozen at -80°C in Serotec 

cryoprotectant (RA Lamb, Eastbourne, UK) onto a cryostat chuck. Sections were cut at 

12pm on a cryostat (Bright OFT 5000, Huntingdon, UK) collected on Histobond 

microscope slides (RA Lamb Medical Supplies, Eastbourne, UK) and stored at -20°C for 

subsequent immunolabelling.

2.2.1. Immunofluorescence

Indirect immunofluorecence was carried out in a light-proof, humidified chamber. Slides 

were removed from the freezer and allowed to adjust to ambient room temperature. A ring 

was drawn around the specimens with a waterproof pen (Zymed® Laboratories. San 

Francisco, US) to retain solutions on the slide. The samples were re-hydrated in 0.1 M PB 

containing 0.1% Triton X (Sigma-Aldrich Company Ltd, Gillingham, UK; see appendix I), 

a wetting agent which increases permeability of the antibody. Twenty percent normal goat 

or swine serum (Dako UK, Ely, Cambridgeshire, UK) - appropriate to the species in which 

the secondary antibody was raised - was then applied to the sections for lh. The blocking 

serum binds epitopes within the tissue to which the secondary antibody may bind non- 

specifically. The blocking serum was gently poured off the slide and the primary 

antibodies applied (see Table 2.1) directly without washing. The antibody-treated sections 

were incubated in the dark overnight at 4°C. Following incubation, the slides were washed 

3 times for 5min in 0.1 M PB. The sections (except those labelled directly for actin) were 

incubated for lh with the secondary antibody swine anti-rabbit FITC (Dako UK, Ely. 

Cambridgeshire, UK) or goat anti-mouse FITC (Dako UK, Ely, Cambridgeshire, UK) 

following pre-incubation with 1% normal rat serum (Invitrogen, Paisley, UK) for lh at 4°C. 

Following several washes the slides were mounted under a 22mm x 50mm coverslips (RA
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Lamb Medical Supplies, Eastbourne, UK) using Vectorshield containing DAPI (Vector 

Labs, Peterborough, UK).

Controls

The Achilles tendon acted as a positive internal control for the actin, vinculin, N-cadherin 

antibodies (Ralphs et al., 2002), and the base of the rat bladder was used as a positive 

control for the neuronal antibodies (Khan et al., 1999b; Wakabayashi et al, 1998; 

Yokokawa et al., 1985; Yokokawa et al., 1986). Negative control sections were incubated 

with 0.1M PB, Mouse Immunoglobulins(IgGl; Dako, Cambridgeshire, UK), Mouse IgG2a 

(Dako, Cambridgeshire, UK), or non-immune rabbit IgGs (Dako, Cambridgeshire, UK) in 

place of the primary antibody.

Microscopy

Sections were examined by epifluorescence microscopy using either an Olympus BX-61 

(Olympus UK Ltd, London, UK) captured using AnalySIS or AxioVision software using a 

Leitz DMRB (Leica Microsystems Ltd; Milton Keynes, UK), and processed using Adobe 

Photoshop (Version 6) or AxioVision LE Application Rel. 4.2.

2.2.2. Peroxidase Labelling

Peroxidase labelling was carried out as above in a light-proof, humidified chamber. The 

slides were allowed to adjust to room temperature, and a waterproof ring was drawn around 

the specimens. Sections were rehydrated with 0.1M PB and where necessary, antigen- 

retrieval procedures were performed (Table 2.1). Endogenous peroxidase activity was 

blocked with 3% hydrogen peroxide in distilled H2 O for lOmin. Following washing. 20% 

normal goat or horse serum (Dako UK, Ely, Cambridgeshire, UK) - appropriate to the 

species in which the secondary antibody was raised - diluted in 0.1M PB Triton X, was 

applied to the sections for lh. Sections were then incubated overnight at 4°C with primary 

antibodies (Table 2.1) diluted with 0.1M PB Triton X. Following washing, either horse 

anti-mouse, or goat anti-rabbit biotinylated secondary antibody (Table 2.2) was applied for 

lh at room temperature (following pre-incubation with 1% normal rat serum for lh at 4°C). 

An avidin-biotin complex (Vector Labs, Peterborough, UK) was then applied for 30min, 

following further washes in 0.1M PB. Sections were washed yet again and developed 

either with NovaRED or 3,3’Diaminobenzidine (DAB) substrate kits (Vector Laboratories, 

Peterborough, UK). Slides were subsequently immersed in filtered Mayer’s Haematoxylin
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(RA Lamb) for 15s and washed for lOmin until blue. The slides were then de-hydrated in 

graded alcohols (see appendix I), cleared in xylene and mounted in DPX.

Controls

The greater omentum of 4 month rats was used as a positive control for CD68, and myeloid 

related protein 14 antibodies (Biewenga et al., 1995; Lagasse and Weissman, 1992). 

Negative control sections were incubated with 0.1M PB, Rabbit IgGs, Mouse IgGl (Dako, 

Cambridgeshire, UK), or Mouse IgG2a (Dako, Cambridgeshire, UK) in place of the 

primary antibody.

Microscopy

Slides were viewed with a Leitz DMRB Leica (Leitz, Wetzlar, Germany) light microscope 

and images captured using either a 3-CCD color video camera (JVC KY-F55B; JVC 

Wayne, NY), or moticam 2000 (Motic China Group Co Ltd.) and subsequently processed 

using Adobe Photoshop (version 6).
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Primary Antibody M/P Un-masking
treatm ent

Dilution/
Concentration

Source Reference

Rabbit anti- PGP 
9.5

P None 1:400 Ultraclone, Isle of 
Wight, UK.

(Doran et al., 
1983)

Rabbit anti
substance P

P None 1:2000 Biomol, Exeter, UK (Hoyle et al., 
1998)

Rabbit anti
calcitonin gene 
related peptide 
(ARP296/1)

P None 1:500 Biomol Exeter, UK (Hoyle et al., 
1998)

Rabbit anti
neurofilament 200

P None 1:2000 Sigma-Aldrich, 
Gillingham, UK

(Lawlor et al., 
1999)

Mouse anti - hVinl 
(binds to vinculin)

M None lOpg/ml Gift from Dr. J Ralphs 
(Sigma -  Aldrich, 
Gillingham, UK)

(Goncharova 
et al., 1992)

Mouse anti 
ACAM (binds to N- 
cadherin)

M None lOpg/ml Gift from Dr J. Ralphs 
(Sigma -  Aldrich, 
Gillingham, UK)

(Volk and 
Geiger, 1984)

Alexa-488 
conjugated 
phalloidin (for 
filamentous actin)

N/A None lU/ml Gift from Dr J. Ralphs 
(Molecular Probes; 
Invitrogen, Paisley, 
UK)

Mouse anti-CXN32 
(for connexion 32)

M None lOpg/ml Gift from Dr J. Ralphs 
(Chemicon, Millipore, 
Chandlers Ford, 
Hampshire, UK)

(Goodenough 
et al., 1988)

Mouse anti-COL-1 
(for collagen I)

M 1.5U/ml 
Hyaluronidase 
30min at 37°C

1:2000 Gift from Prof. C 
Archer
(Sigma-Aldrich, 
Gillingham, UK)

(Mayne, 1988)

Mouse anti-CD68 
(macrophage 
marker for 
Iysosome- 
associated antigens)

M None 1:400 AbD Serotec, Oxford, 
UK

(Damoiseaux 
et al., 1994)

Mouse anti-S 100 A9 
(1C10) - for 
myeloid-related 
protein 14 
(monocyte and 
local inflammation 
marker)

M None 1:200 Abnova; Stratech, 
Newmarket, UK

Mouse anti-BrdU M 2N HC1 (30 min) 
and 0.25% 
trypsin (20 min) 
at 37°C

1:500 Sigma-Aldrich, 
Gillingham, UK

(Gratzner,
1982)

Rabbit IgG Normal 
Fraction. Negative 
control

N/A None 5pg/ml Dako, Ely, 
Cambridgeshire, UK

Mouse IgGl 
Negative control

N/A None 5pg/ml Dako, Ely, 
Cambridgeshire,UK

Mouse IgG2a 
Negative control

N/A None 5|ig/ml Dako, Ely, 
Cambridgeshire, UK

Table 2.1: Primary antibodies used to detect nerves, extracellular matrix components and inflammatory cells. 

Negative control sera are also included in this table. M - Monoclonal, P -  Polyclonal, N/A -  Non-applicable.
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General Materials and Methods

Secondary Antibodies Dilution Source

Swine anti- Rabbit FITC lOpl/ml Dako UK, Ely, Cambridgeshire, UK

Goat anti-mouse FITC lOpl/ml Dako UK, Ely, Cambridgeshire, UK

Horse anti-mouse biotinylated 5(i 1/ml Vector Labs, Peterborough, UK

secndary antibody

Goat anti-rabbit biotinylated 5(i 1/ml Vector Labs, Peterborough, UK

secondary antibody

Table 2.2: Secondary antibodies used to detect primary antibodies.
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Chapter 3

3. INNERVATION OF THE RAT ACHILLES TENDON ENTHESIS

ORGAN

3.1. INTRODUCTION
Despite common textbook/review statements that entheses are highly innervated (Benjamin 

and McGonagle, 2001; Benjamin and Ralphs, 1997; Khan et al., 2000; Klippel and Diepp, 

1998; Niepel et al., 1966; Palesy, 1997; Resnick and Niwayama, 1983), there are no 

original research articles which deal extensively with the nerve supply of tendon/ligament 

or muscle attachment sites. It is therefore the aim of this study to describe the innervation 

of the Achilles tendon enthesis organ in the rat with the use of immunoflurescence.

The attachment of the Achilles tendon has been described as the “premiere enthesis”, due 

to its highly differentiated character -  which in turn relates to the high levels of mechanical 

loading to which it is subject (Canoso, 1998). As in man, the rat Achilles tendon enthesis 

organ is composed of three fibrocartilages (the enthesis, sesamoid and periosteal 

fibrocartilages), a fluid-filled bursa between the superior tuberosity of the calcaneus and the 

tendon, and a retromalleolar fat pad protruding into the bursa (Rufai et al., 1992; Rufai et 

al., 1996). These structures work together, to dissipate stress away from the attachment of 

the tendon to bone. The purpose of the current study therefore, is not simply focus on the 

sensory innervation of the enthesis itself, but to consider the entire enthesis organ.

Brief Review

Anatomy of the Rat Achilles Tendon

The rat Achilles tendon is formed from the conjoined tendons of triceps surae which 

consists of the muscles gastrocnemius and soleus. M. gastrocnemius is bipennate with two 

heads, lateral and medial. The lateral head originates from the head of the fibula and the 

lateral epicondyle (external condylar ridge) of the femur, while the medial head of 

gastrocnemius arises from the medial epicondyle (internal condylar ridge) of the femur 

(Greene, 1935). Within the muscular origins of gastrocnemius is a small sesamoid bone 

named the fabella which have well defined articular surfaces that develop just proximal to 

the condyles of the femur. Fabellae are variably present in man and are often associated 

with posterolateral knee pain (Chihlas et al., 1993; Robertson et al., 2004). The 

aponeurotic tendon of gastrocnemius inserts into the posterior part of the tuber calcaneus as 

part of the common calcaneal or Achilles tendon, acting on this to plantarflex the ankle
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joint. In contrast, the unipennate muscle soleus arises via a long, slender tendon from the 

head of the fibula and inserts onto the calcaneus my merging with the tendon of 

gastrocnemius (Greene, 1935; Hebei and Stromberg, 1986).

In the rat, plantaris originates from the lateral epicondyle of the femur, the lateral fabella of 

gastrocnemius, and the medial border of the head of the fibula; while its insertional tendon 

emerges from the lateral side of gastrocnemius, overlays the Achilles tendon and rotates 

around to the medial side where it forms a cap over the tuber calcaneus. The tendon 

subsequently becomes continuous with flexor digitorum brevis which arises as three 

delicate muscles. The long tendons of these muscles divide into two at the base of the first 

phalanx to pass around the tendon of flexor hallucis longus and insert into the proximal part 

of the second phalanx on the second, third, and fourth digits. The function of flexor 

digitorum brevis is to extend the tarsal joint and flex digits 2-4 (Greene, 1935; Hebei and 

Stromberg, 1986). In man, the tendon fibres of gastrocnemius rotate around those of soleus 

and come to attach laterally onto the calcaneus and the fibres of soleus rotate but insert 

medially onto the calcaneus (Banks et al., 2001; Barfred, 1973; Schmidt-Rohlfing et al., 

1992). It is suggested that this twisting reduces fibre bulking in the lax tendon and 

deformation in the taught tendon (Banks et al., 2001; Barfred, 1973). It is also proposed 

that twisting of the fibres increases the tensile strength of the tendon itself, by spreading the 

load experienced in a multitude of directions, rather than soley longitudinally. This fibre 

twisting occurs not only at a gross macroscopic level, but also at a molecular level, where 

collagen peptides twist around each other to form a triple-helical collagen molecule 

(Fietzek and Kuhn, 1976). No comparative study of collagen fibre twisting has been 

carried out in the rat Achilles tendon; however it is possible that the rotation of the tendon 

of plantaris around the Achilles tendon may act in a similar fashion and produce the same 

benefits. In contrast to the rat, plantaris in man remains deep to gastrocnemius after arising 

superior to the condyle of the femur, and its tendon inserts into the calcaneus as part of the 

Achilles (Tortora and Grabowski, 1996; Standring, 2007)

Blood Supply of the Rat Hind Limb

The rat pelvic limb is primarily supplied by a branch of the external iliac artery; the 

femoral artery which extends down the medial side of the thigh, to become the popliteal 

artery, after passing into the popliteal fossa (Greene, 1935). The femoral artery has six 

branches namely, the superficial circumflex iliac, muscular superficial epigastric, highest
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genicular, great saphenous and profunda femoris. The majority of these branches supply 

the muscles of the thigh. However, the largest branch is the saphenous artery which runs 

superficially and medially with the saphenous nerve to the ankle. At the posterior border of 

semitendinosus the saphenous artery divides into two and then into five terminal branches. 

The medial tarsal branch runs to the extensor surface of the foot with the saphenous nerve, 

a communicating branch also runs with the saphenous nerve between tibialis posterior and 

the tibia. The final 3 branches pass posterior to the medial malleollus in order to supply the 

flexor surface of the foot via the lateral plantar artery and the superficial and deep branches 

of the medial plantar artery. The popliteal artery is relatively short and bifurcates at the 

anterior margin of the m. popliteus. The popliteal artery gives rise to 7 branches. The 

superior muscular artery is the largest and runs along the surface of gastrocnemius (Greene, 

1935; Hebei and Stromberg, 1986).

Nerve Supply of the Rat Hind Limb

The lower part of the rat hind limb is innervated by the sacral plexus formed by part of the 

fourth, the fifth and part of the sixth lumbar nerves (Greene, 1935). These integrate to form 

the lumbosacral trunk which becomes the sciatic nerve. The sciatic nerve separates at the 

level of the popliteal fossa into the two terminal components, the tibial and common 

peroneal nerves. The common peroneal nerve runs down the lateral side of the leg while 

the tibial nerve runs more medially. An articular branch from the common peroneal nerve 

supplies the knee joint while the sural nerve supplies the skin to the lower part of the leg 

after passing between biceps femoris and the lateral head of gastrocnemius. Beyond this 

point it becomes superficial and sends a peroneal anastomatic branch beneath the Achilles 

tendon to the lateral plantar nerve to the lateral side of the fifth digit, where it passes 

posterior to the lateral malleolus to end in the skin and fascia of the ankle and heel. The 

origin of the sural nerve in the rat is very different from that in the man. In man, it is 

formed by the medial sural branch of the tibial nerve and an anastomatic branch from the 

common peroneal, although the pattern in the rat can be seen as a variation in man (Greene, 

1935).

The tibial nerve runs with the common peroneal nerve. However, at the popliteal fossa, it 

runs obliquely to enter the lower leg and run deep between the two heads of gastrocnemius, 

where it gives off three muscular branches (Greene, 1935). The first supplies plantaris, 

soleus and the lateral head of gastrocnemius, the second supplies the medial head of
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gastrocnemius and the third supplies flexor hallucis longus, tibialis posterior and flexor 

digitorum longus. More recently studies have been extended to demonstrate that the 

muscles of the rat hindlimb are composed of smaller entities, or neuromuscular 

compartments. These compartments are regions of muscle innervated by a single, naturally 

occurring primary muscle nerve branch (Donahue and English, 1989). The tibial nerve 

continues between plantaris and the medial head of gastrocnemius and divides in the 

medial and lateral plantar nerves just proximal to the ankle. The lateral plantar nerve runs 

across the medial aspect of the calcaneus to the plantar surface of the foot. The peroneal 

anastomotic branch of the sural nerve runs under the tendons of soleus and gastrocnemius 

to reach the lateral plantar nerve just above the heel and the medial plantar nerve supplies 

the digits (Greene, 1935). As with other structures such as joints, the Achilles tendon itself 

is supplied by the nerves which supply the surrounding structures. It is therefore possible 

that the Achilles tendon is supplied by branches of the tibial and sural nerves (Tortora and 

Grabowski, 1996).
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3.2. MATERIALS AND METHODS

3.2.1. Source of Material

White male Wistar rats aged 1 day, 1 month, 4 months, and 24 months (3 from each age 

group) were used in this study. 4 month rats and pregnant female rats were obtained from 

accredited commercial suppliers. Following parturition the offspring were maintained at 

Cardiff University until the appropriate age.

3.2.2. Dissection Procedure

Adult rats were killed with an overdose of carbon dioxide followed by cervical dislocation. 

Neonates were stunned and then killed by cervical dislocation. The hind-limbs from adult 

rats were skinned and amputated. The ankle region was removed from the limb by cutting 

through the tibia and fibula midway down the leg. The forefoot was removed from the 

ankle by cutting through the proximal part of the metatarsus leaving the Achilles tendon 

intact and attached to the calcaneus. The whole hind-limbs were removed and used from 

neonatal rats. Tissues were kept moist at all stages during dissection with 0.1M PB.

3.2.3. Routine Histology

Routine histology was carried out as described in chapter 2.

3.2.4. Immunohistochemistry

Immunofluorescence and immunoperoxidase labelling was carried out as described in 

chapter 2 using the antibodies against, PGP 9.5, Neurofilament 200, CGRP, and Substance 

P (see Table 2.1).
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3.3. RESULTS

In order to explain the innervation of the enthesis organ of the rat Achilles tendon fully, it 

is first necessary to describe its routine histological structure.

3.3.1. Routine Histology

Anatomy o f the Achilles Tendon Insertion

The rat Achilles tendon insertion was associated with 3 different fibrocartilages -  enthesis 

fibrocartilage at the attachment zone itself, sesamoid fibrocartilage near the deep surface of 

the tendon, and periosteal fibrocartilage covering superior tuberosity of the calcaneus. 

Between the periosteal and sesamoid fibrocartilages was the retrocalcaneal bursa, into 

which protrudes a tip of the synovial covered fat pad (Fig.3.3.1.A.). This filled the 

triangular space, superior to the calcaneus, anterior to the Achilles tendon, and posterior to 

the tendon of flexor hallucis longus.

The Relationship o f the Achilles Tendon to Plantaris

The Achilles tendon approached its bony insertion site on the calcaneus at an oblique angle. 

In H & E sections, the darkly stained nuclei of elongated tendon fibroblasts were evident 

and the cells were arranged in longitudinal rows between parallel collagen fibres (Fig.

3.3.1.B.). Toluidine blue staining was stronger away from the superficial ‘non- 

compressionaF region of the tendon, towards the deep surface of the Achilles tendon (Fig.

3.3.1.C.). When stained with Masson’s trichrome, the tendon was deep red, becoming 

green towards the deep surface of the tendon (Fig. 3.3. l.D). Small blood vessels could be 

seen running along the surface of the Achilles tendon within the paratenon (inset of Fig.

3.3.1.E.). This figure also illustrates the position of the tendon of plantaris and the green 

staining at the deep surface of this tendon, where it opposes the superficial surface of the 

Achilles tendon. The plantaris tendon (especially in older animals) was also strongly 

stained towards its deep surface with toluidine blue (Figure 3.3.I.F.).

In some older animals, the central part of the Achilles tendon itself was fibrocartilaginous. 

These areas were green in Masson’s trichrome as illustrated (Fig 3.3.2.A.). The normally 

elongated tendon fibroblasts were round; i.e. the cells were similar in appearance to those 

seen in the fibrocartilage of the insertional region.

Enthesis Fibrocartilage
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There were 4 distinct zones of tissue visible at the enthesis itself; tendon, UF, CF and bone 

(Figure 3.3.2.B). The cells of UF lay in rows between collagen fibres as in the 

midsubstance of the tendon. However, the cells were larger, more rounded and lay in a 

strong toluidine blue-stained, pericellular matrix than those of the tendon proper (Fig.

3.3.2.C.). Aged rats (24 months) showed very little difference when compared to sexually 

mature adults (4 months). The quantity of UF across the insertion was not uniform - it was 

most conspicuous closest to the retrocalcaneal bursa (Fig. 3.3.1.D and 3.3.2.B). The 

boundary between UF and CF was defined by a basophilic line known as the tidemark, 

however in these sections the tidemark was not particularly prominent (Fig. 3.3.2.B and C). 

CF lay between the tidemark and the underlying subchondral bone. The characteristics of 

these fibrocartilage cells were the same as those described for UF, although the nuclei 

appeared to be slightly shrunken (arrow) and the cell population reduced (Fig. 3.3.2.C). 

The collagen fibres of the tendon, UF, and CF were continuous to the point at which they 

attach to the subchondral bone. The subchondral bone of the calcaneus illustrated typical 

Haversian systems of compact bone (Fig. 3.3.2.B.) and this region was much thicker than 

described in human samples. The highly irregular border of the CF and subchondral bone 

was also evident (Fig. 3.3.2.B and C).

Sesamoid and Periosteal Fibrocartilage

Other regions of the Achilles insertion also demonstrated the presence of fibrocartilage 

(Fig. 3.3.2.D -  F and 3.3.3.A). Thus, all specimens had fibrocartilage lining the walls of 

the retrocalcaneal bursa; overlying the calcaneus (‘periosteal fibrocartilage’), and within 

the deep surface of the adjacent Achilles tendon (‘sesamoid fibrocartilage’). This was 

evident in sections stained with toluidine blue by very strong staining (Fig. 3.3.2.E.). The 

periosteal fibrocartilage was more darkly stained than the adjacent sesamoid fibrocartilage 

(Fig. 3.3.l.C and 3.3.2.E.). Cells of both these fibrocartilages had a similar shape to those 

in the enthesis fibrocartilage. The majority of cells were rounded, although some had a 

more irregular shape and a strongly-staining, pericellular matrix (Fig. 3.3.2.D and 3.3.3.A.). 

At the insertional angle (i.e. the angle between the tendon and the bone) the periosteal, 

sesamoid and enthesis fibrocartilages were continuous with each other, and no distinct 

boundaries were present between them (Fig. 3.3.1 .C-D.). Also evident, was a thin acellular 

layer which lines the insertional angle. This was obvious in sections stained with toluidine 

blue, but was not clear with Masson’s trichrome (Fig. 3.3.1.D and E).

Retrocalcaneal Bursa and Retromalleolar Fat Pad
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The retrocalcaneal bursa was lined by the periosteal and sesamoid fibrocartilages, as 

described above. Proximal to the insertional angle was a large synovial-covered fat pad. 

The pad extended from the inferior border of triceps surae, filling the space created by the 

extended length of the calcaneus. The pad invaginated a small way into the retrocalcaneal 

bursa as a synovial-covered, tongue-like protrusion (Fig. 3.3.1.A and 3.3.3.D.). The 

majority of the fat pad cells had a characteristic ‘honeycomb’ appearance, with thin 

peripheral seams of cytoplasm and small, flattened peripherally-located nuclei (Fig.

3.3.3.B). Some fibrous strands were also present running through the fat pad (Fig. 3.3.3.C). 

The part of the pad that protruded distally into the retrocalcaneal bursa had a considerably 

more fibrous appearance than that which was more proximal and in older animals the tip 

was especially fibrous (Fig. 3.3.3.D and E). However, one specimen at 4 months of age 

had a region of fibrocartilage with a bony core near the tip of the pad (Fig. 3.3.3.F and

3.3.4.A). The cells within this region resembled those of the insertional fibrocartilages, 

with rounded cells and a strongly-staining, pericellular matrix. The pad was covered by a 

synovial membrane which folds back on itself to line the most proximal part of the 

retrocalcaneal bursa (Fig. 3.3.4.B.). However, the most proximal part of the fat pad had a 

more fibrous lining (Fig. 3.3.4.C). Just beneath both the synovial membrane and the 

fibrous lining is a highly vascular region. This contained a large population of mast cells 

(Fig. 3.3.4.D.). The pad also contained a number of large blood vessels, often associated 

with the fibrous strands and small capillaries branched throughout the pad. Several large 

nerve branches were also present, usually running in association with blood vessels (Fig.

3.3.4.C.). The tip of the pad was devoid of large blood vessels and large nerve branches 

although some small capillaries were seen (Fig. 3.3.3.D.). No encapsulated nerve endings 

were identified.

Staining with toluidine blue highlighted the abundant mast cells within the fat pad. The 

cells were most frequently identified in close association with the synovial and fibrous 

membrane of the fat pad, and the capillary layer just beneath its lining (Fig. 3.3.4.D.). Mast 

cells were also seen within some large nerve branches (Fig. 3.3.4.E.). Their location was 

not restricted to a specific region of the pad.

3.3.2. Immunohistochemistry

Innervation o f the Rat Achilles Tendon Enthesis Organ

The results are summarised in Table 3.3.1.
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Enthesis Fibrocartilages

Immunohistochemical labelling with PGP 9.5, CGRP, SP, and NF200 showed that no 

nerve fibres were present within the fibrocartilaginous regions or the retrocalcaneal bursa 

of the Achilles tendon insertion at any age studied (Fig. 3.3.5-8.A-C). All 3 fibrocartilages 

associated with the insertion of the Achilles tendon into the calcaneus, consistently showed 

negative labelling at all ages studied. The acellular layer lining the insertional angle was 

also devoid of nerve fibres.

Retromalleolar Fat Pad 

PGP 9.5

In contrast to the fibrocartilage of the enthesis organ, the retromalleolar fat pad contained 

an abundance of nerve fibres (Fig. 3.3.5.D-F.) the population o f which varied with the age 

of the rat. A qualitative assessment of these fibres suggested that the number increases 

from birth until sexual maturity, but decreases with old age. In the neonate, very few nerve 

fibres were present. A nerve branch was clearly visible in the centre of the fat pad and a 

few fibres were seen in the tip of the pad in some animals. In 1 month rats, there was a 

larger population of both small and intermediate sized fibres that predominated in the 

central and proximal regions of the pad. The largest population of nerve fibres was evident 

in 4 month rats. A large nerve branch close to the midsubstance of the Achilles tendon was 

present along with another large nerve branch in the anterior part of the fat pad (Fig 3.3.5.D 

and F.). The identification of these nerve fibres acts as an internal positive control, 

indicating that the negative results obtained from the insertional region fibrocartilage were 

not a result of inappropriate technique. An abundance of small nerve fibres was also 

present throughout the fat pad - the fibres were either “free” or blood vessel associated. 

Smaller fibres were present throughout the pad although generally fewer nerve fibres were 

present in its fibrous tip (Fig. 3.3.5.E.). Many nerve fibres were seen in the sub-synovial 

layer and beneath the fibrous membrane described previously. Some nerve fibres were 

even present in the synovial membrane itself and within the tunica adventitia of blood 

vessels (Fig. 3.3.5.D.).

CGRP

Very few CGRP positive fibres were seen in the neonatal fat pad. Only a few fibres, large 

nerve branches and single nerve trunks were seen within the central part of the
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retromalleolar fat pad, many of which were associated with blood vessels. The majority of 

these fibres were in the sub-synovium and in the fibrous membrane.

At 1 month, more fibres appeared to be present in comparison to neonates. Delicate “free” 

and blood vessel associated fibres were situated within the proximal region of the fat pad. 

Nerve fibres were occationally identifiable within the tongue-like protrusion of the fat pad. 

Large nerve branches also showed positive labelling for CGRP, although only a small 

proportion of the fibres were positively labelled with the characteristic speckled foci of 

CGRP (Fig. 3.3.6.F.). Therefore not all fibres within the nerve branch contained CGRP. 

Tissue from 4 month rats showed a similar pattern. The majority of fibres were present 

within the proximal part of the fat pad. The smaller fibres again, predominated just deep to 

the synovial and fibrous membranes, and large nerve branches were identified running 

through the fat pad. There appeared to be a small increase in the number of nerve fibres 

present. At 24 months, the fibres in the fat pad were both blood vessel associated and 

“free”. Both types of fibres predominated in the main and proximal region of the fat pad 

rather than in the tip (Fig. 3.3.6.D-E.). It was not possible to determine if there was a 

change in the population of nerve fibres in older animals.

Substance P

SP positive nerve fibres were present within the retromalleolar fat pad - some of these 

fibres ran in close association with blood vessels while others were independent of blood 

vessels. (Fig. 3.3.7.E-G.). They displayed the characteristic fine, focal label that gives a 

streaky appearance of small nerve fibres found in the fat pad and the larger nerve branches. 

As with CGRP labelling of large nerve branches, not all the fibres in the nerve were 

labelled - indicating that the cells contain a mixed population of nerve fibres (Fig.

3.3.7.D.). SP fibres were also located on the superior part of the calcaneus in the 

periosteum; at a distance from the enthesis. Age related changes in the number of SP 

immunoreactive nerve fibres within the fat pad followed the same pattern as CGRP. The 

population of fibres increased during growth, but once again it was not possible to 

determine if the number of SP immunoreactive fibres changed with old age.

Neurofilament 200

The NF200 antibody allowed the identification of small “free” nerve trunks, small blood 

vessel associated nerve fibres, intermediate nerve fibres and large nerve bundles (Fig.

3.3.8.D-F). In all animals, a greater number of these larger fibres carrying
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mechanoreceptive information were present within the fat pad in comparison to both CGRP 

and SP. The pattern of expression with age, as described previously with PGP 9.5, 

increased during growth but decreased in old age. Overall there appeared to be a larger 

population of nerve fibres labelling positively for NF200 than CGRP and SP.

Achilles Tendon, Plantaris Tendon and the Myotendinous Junction o f the Achilles Tendon 

No positive PGP 9.5 nerve fibres were seen within the tendon proper (collagen fibres or 

fibroblast network), however, fibres were identified between the tendon fascicles, within 

the endotenon and in the supportive surrounding paratenon of the Achilles tendon 

midsubstance. Using more specific antibodies, it was possible to identify that the 

endotenon and paratenon contained CGRP and SP positive nerve fibres as well as nerve 

fibres positive for the NF200 (Fig 3.3.7.E, Fig. 3.3.8.E.). Many of these fibres were blood 

vessel associated while others were “free” nerve trunks. In addition, there appeared to be 

no obvious correlation between the number of nerve fibres present within this tissue across 

the ages studied. Nerve fibres immunoreactive to all antibodies were also found in the 

epitenon of the plantaris tendon, although none were seen on its inner surface where this 

tendon and that of the Achilles were opposed.

The myotendinous junction of the Achilles tendon contained numerous fibres, mainly 

located in the endomysium of the muscle. Although some of these fibres were 

immunoreactive to SP and CGRP, the majority were NF200 immunoreactive fibres.
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PGP 9.5 NF200
Age EF/SF/PF/RB FP EF/SF/PF/RB FP
1 day - +++ - ++
1 month - -f 1 H - +++
4 month - +++++ - 1 1 M
24 month - ++-H - +-H-

SP CGRP
Age EF/SF/PF/RB FP EF/SF/PF/RB FP
1 day - + - +
1 month - ++ - ++
4 month - +++ - -H-+

24 month - +++ - +++

Table 3.3.1: Summary of results obtained from fluorescence labelling for nerve fibres in the rat Achilles 

enthesis organ. - = no nerve fibres presenting the tissue at this stage, + = denoted the presents of nerve fibres 

(Scale 1-5 +’s, 5 = most).
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RAT ACHILLES TENDON ENTHESIS ORGAN -  ROUTINE HISTOLOGY

Figure A: The components of the Achilles tendon enthesis organ. These include enthesis fibrocartilage (EF), 

the sesamoid fibrocartilage (SF), periosteal fibrocartilage (PF), retrocalcaneal bursa (RB), and synovial 

covered (arrow) fat pad (FP). C - calcaneus, T - tendon. 24m rat, H & E. Scale bar = 300pm.

Figure B: Rows of elongated tendon fibroblasts (arrows) between longitudinally running collagen fibres in 

the Achilles tendon of a. 24m rat, H & E. Scale bar = 100pm
Figure C: The 3 fibrocartilaginous regions of the Achilles tendon enthesis organ in a toluidine-blue stained 

section. The strength of the staining increases towards the deep surface of the Achilles tendon (SF). The 
arrow indicates the strong staining of the pericellular matrix surrounding fibrocartilage cells in the enthesis 

fibrocartilage (EF). The very strong staining of the periosteal fibrocartilage can also be seen (PF). RB - 

retrocalcaneal bursa. 12 week rat. Scale bar = 300pm.

Figure D: The 3 fibrocartilaginous regions of the Achilles tendon enthesis organ in a Masson’s stained 

section. Note the distinction between the periosteal (PF), sesamoid (SF), and enthesis fibrocartilages (EF). 
The arrow indicates the predominating fibrocartilage at the insertional angle where the collagen fibres change 

direction to the greatest extent. RB-retrocalcaneal bursa. 12 week rat. Scale bar = 300pm.

Figure E: The opposing surfaces of the plantaris and Achilles tendons in a Masson’s stained section. The 

arrow indicates the presence of sesamoid fibrocartilage in the deep surface of the plantaris tendon (PT). A 

blood vessel runs on the surface of the Achilles tendon, within the paratenon (inset). 12 week rat. Scale bar = 
200pm

Figure F: The opposing surfaces of the plantaris and Achilles tendons in a toluidine blue stained section. 

The arrow indicates the region of increased staining towards the deep surface of the plantaris tendon (PT). 
AT - Achilles tendon. 12 week rat. Scale bar = 200pm.
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FIGURES

Figure 3.3.1
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RAT ACHILLES TENDON ENTHESIS ORGAN -  ROUTINE HISTOLOGY

Figure A: The Achilles tendon midsubstance in a Masson’s stained section. Note the presence of a

fibrocartilaginous formation in the midsubstance of the Achilles tendon. The arrow indicates fibrocartilage 

cells with rounded nuclei. 12 week rat. Scale bar = 100pm.
Figure B. The Achilles enthesis fibrocartilage in a Masson’s stained section demonstrating the different 
tissues found in the region. UCFC - uncalcified fibrocartilage, TM - tidemark, CFC - calcified fibrocartilage. 

12 week rat. Scale bar = 100pm.
Figure C: The Achilles enthesis fibrocartilage in a toluidine blue stained section. The uncalcified

fibrocartilage (UCFC) contains large rounded nuclei of fibrocatilage cells. The calcified fibrocartilage (CFC) 

cells are fewer in number with slightly shrunken nuclei in comparison to those of the uncalcified 

fibrocartilage (arrow). The region of calcified fibrocartilage is more darkly stained than the uncalcified 

region. The tidemark (TM) is not obvious across the entire enthesis fibrocartilage due to the angle at which 

the Achilles tendon inserts into the bone. C - Calcaneus. Scale bar = 50 pm.

Figure D: The periosteal fibrocartilage in Masson’s stained section. The periosteal fibrocartilage contains 

fibrocartilage cells that contain large rounded nuclei (white arrow). The underlying subchondral bone of the 
calcaneus (C) can also be clearly identified, although staining does not clearly demonstrate the zone of 

calcified fibrocartilage, the region can be identified by the smaller cell population which have irregular, 
shrunken shaped nuclei (black arrow). RB - retrocalcaneal bursa, SF - sesamoid fibrocartilage, PF - periosteal 

fibrocartilage. 12 week rat. Scale bar = 100pm.
Figure E: The periosteal fibrocartilage in a toluidine blue stained section. Note the stronger staining of the 

periosteal fibrocartilage (PF) in comparison to the sesamoid fibrocartilage (SF). The arrow indicates the 

darkly stained nature of the pericellular matrix in the PF. The highly irregular interface between the calcified 

fibrocartilage and the subchondral bone (C) can also be seen. RB - retrocalcaneal bursa. 12 week rat. Scale 
bar = 100pm.

Figure F: The sesamoid fibrocartilage in a Masson’s stained section. The arrows indicate the large rounded 
character of the fibrocartilage cells populating the sesamoid fibrocartilage (SF). 12 week rat. Scale bar = 
100pm
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Figure 3.3.2

UCFC
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Figure 3.3.3

RAT ACHILLES TENDON ENTHESIS ORGAN -  ROUTINE HISTOLOGY

Figure A: The sesamoid fibrocartilage in a toluidine blue stained section. The sesamoid fibrocartilage is darkly stained 

and contains fibrocartilage cells with rounded nuclei as indicated (arrow). 12 week rat. Scale bar = 100pm.
Figure B: The retromalleolar fat pad in a Masson's stained section. Note the honeycomb (hexagonal) nature of the fat 
cells along with their small peripheral nuclei (arrow). 12 week rat. Scale bar = 100pm.
Figure C: The retromalleolar fat pad in a Masson's stained section. The arrows indicate the fibrous strands running 
through the fat pad. 12 week rat. Scale bar = 100pm.
Figure D: The tip of 12 week rat retromalleolar fat pad (FP) in a Masson's stained section. The figure illustrates the tip 
of the pad which protrudes into the retrocalcaneal bursa. The fat is covered with a synovial membrane (arrow). PF- 
periosteal fibrocartilage. T-tendon. Scale bar = lOOgm.
Figure E: The tip of 24 month retromalleolar fat pad (FP) in a Masson's stained section. Note the highly fibrous nature 
of the tip of the fat pad in comparison to the pad at 12 weeks (Figure 2.3.l.P). The arrow indicates the synovial 
membrane. Scale bar = 100pm.
Figure F: The tip of the retromalleolar fat pad in a Masson's trichrome stained section. Note the presence of a 
fibrocartilaginous structure with a central bone like structure. Arrow Indicates the rounded character of the cells in at the 
periphery of the fibrocartilaginous cluster. T - Tendon. PF - Periosteal Fibrocartilage. 12 week rat. Scale bar = 200pm.
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Figure 3.3.4

RAT ACHILLES TENDON ENTHESIS ORGAN -  ROUTINE HISTOLOGY

Figure A: The fibrocartilaginous tip of the retromalleolar fat pad (FP) in a Toluidine blue stained section. The arrow 

indicates the dark blue staining towards the centre of the fibrocartilaginous structure in the tip of the fat pad. PF - 

periosteal fibrocartilage. 12 week rat. Scale bar = 200pm.

Figure B: The synovial fold in a Masson’s stained section. The arrow indicates the limit of the synovial membrane 

following a large fold in the synovium. The structure surrounding the fat pad becomes fibrous where the synovial 

membrane ends. 12 week rat. Scale bar - 100pm

Figure C: A large neurovascular bundle containing a large peripheral nerve (N) and blood vessel (BV) in a Masson's 

stained section. The arrow indicates the highly fibrous nature of the proximal fat pad. 12 week rat. Scale bar = 500pm 

Figure D: Numerous mast cells were present in the retromalleolar fat pad in Toluidine blue stained section (arrow). The 

cells are in close association with blood vessels (BV). Toluidine Blue. 12 week rat. Scale bar = 200pm 

Figure E: Large peripheral nerve (N) in a Toluidine blue stained section. These nerves contained numerous mast cells 

(arrows). 12 week rat. Scale bar = 100pm

Figure F: The tip of the retrocalcaneal bursa in a toluidine blue stained section. Note the absence of mast cells from the 

tip (arrow) of the fat pad. T - tendon, PF - periosteal fibrocartilage. 12 week rat. Scale bar = 300pm.
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Figure 3.3.5
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RAT ACHILLES TENDON ENTHESIS ORGAN LABELLED WITH PGP 9.5 

12 week rat (Counterstained with DAPI to illustrate cell nuclei)

Figure A-C: Immunolabelling of the enthesis fibrocartilage (EF in A), periosteal fibrocartilage (PF in B) and sesamoid 
fibrocartilage (SF in C) to show the absence of nerve fibres. The arrows indicate the rounded appearance of fibrocartilage 
cells. Scale bar = 100pm
Figure D: A large peripheral blood vessel within the retromalleolar fat pad. Note the nerve fibres in the outer wall of the 
blood vessel (arrow) and also the non-specific labelling of the internal elastic lamina. Scale bar = 100pm 
Figure E: An intermediate size nerve fibre (N) un-associated with blood vessels within the retromalleolar fat pad. Scale 
bar = 100pm
Figure F: A large peripheral nerve (N) within the retromalleolar fat pad. Scale bar = 100pm
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Figure 3.3.6

RAT ACHILLES TENDON ENTHESIS ORGAN LABELLED WITH CGRP 

12 week rat (Counterstained with DAPI to illustrate cell nuclei)

Figure A-C: The enthesis fibrocartilage (EF in A), periosteal fibrocartilage (PF in B) and sesamoid fibrocartilage (SF in 
C) are all devoid of nerve fibres. The arrows indicate the rounded appearance of fibrocartilage cell nuclei. B -bone. RB -  
retrocalcaneal bursa Scale bar = 100pm

Figure D: CGRP positive fibres (arrows) lying in close association with small blood vessels (BV) within the
retromalleolar fat pad. Scale bar = 100pm

Figure E: A small “free” CGRP immunoreactive nerve fibre within the retromalleolar fat pad (PF). Scale bar = 50pm 
Figure F: A large peripheral nerve (N) in the retromalleolar fat pad demonstrating the population of CGRP containing 
fibres within it Scale bar = 50pm
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RAT ACHILLES TENDON ENTHESIS ORGAN LABELLED WITH SUBSTANCE P 

12 week rat (Counterstained with DAPI to illustrate cell nuclei)

Figure A-C: The enthesis fibrocartilage (EF in A), periosteal fibrocartilage (PF in B) and

sesamoid fibrocartilage (SF in C) are all devoid of nerve fibres. The arrows indicate the rounded 

appearance o f fibrocartilage cells. Scale bar = 50pm. RB -  Retrocalcaneal bursa.

Figure D: A large peripheral nerve (N) within the retromalleolar fat pad demonstrating the 

population of substance P containing nerve fibres (arrows). Scale bar = 50pm 

Figure E: A small, substance P containing nerve fibre within the proximal part o f the Achilles 

paratenon (PT). T- Tendon. Scale bar = 50pm.

Figure F: A small “free” substance P containing fibre within the proximal region o f the

retromalleolar fat pad. Scale bar = 50pm

Figure G: A small blood vessel associated nerve fibre, immunoreactive to substance P (arrow). 

Note the non-specific labelling o f the internal elastic lamina (IEL). Scale bar = 50pm
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Figure 3.3.7
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Figure 3.3.8
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RAT ACHILLES TENDON ENTHESIS ORGAN LABELLED WITH NEUROFILAMENT 200 

12 week rat (Counterstained with DAPI to illustrate cell nuclei)

Figure A-C: The absence of nerve fibres in the enthesis fibrocartilage (EF in A), periosteal fibrocartilage (PF in B) and 
sesamoid fibrocartilage (SF in C). The arrows indicate the rounded appearance of the fibrocartilage cells. B-bone. RB- 
retrocalcaneal bursa. Scale bar = 100pm

Figure D: A large peripheral nerve (N) immunoreactive to NF200, cut in cross-section, within the proximal part of the 
retromalleolar fat pad (FP). Scale bar = 100pm
Figure E: A small nerve fibre (arrow) immunoreactive to NF200 within the paratenon of the Achilles tendon
midsubstance. Scale bar = 50pm

Figure F: A small “free” nerve fibre (arrow) immunoreactive to NF200 within the retromalleolar fat pad (FP). Scale bar 
= 50pm
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Figure 3.3.9

RAT ACHILLES TENDON ENTHESIS ORGAN -NEGATIV E CONTROLS 

Phosphate buffer (PB) or rabbit immunoglobulins were applied to the section in place of the primary 

antibody. (Counterstained with DAPI to illustrate cell nuclei).

Figure A-C: The periosteal fibrocartilage (PF in A), enthesis fibrocartilage (EF in B) and sesamoid fibrocartilage (SF in 

C) are all devoid of non-specific labelling. The arrows indicate the rounded appearance of fibrocartilage cells. Scale bar 

= 50pm. RB -  Retrocalcaneal bursa. CFC-calcified fibrocartilage. 12 week rat.

Figure D: The myotendinous junction (MTJ) and proximal part o f the Achilles tendon (T) a region rich in nerve fibres. 

Note the abence of labelling. Scale bar = 50pm. FP-retromalleolar fat pad. M-muscle. 12 week rat 

Figure E: A large peripheral nerve (N) within the retromalleolar fat pad. No non-specific labelling is present. Scale bar 

= 50pm. 12 week rat

Figure F: A low power view of the retromalleolar fat pad (FP) with rabbit immunoglobulins applied to the section in 

pace of the primary antibody. No non-specific labelling was present. Scale bar = 100pm. T-tendon. Neonatal rat.

- 7 0 -



Innervation o f  the rat Achilles tendon enthesis organ

3.4. DISCUSSION

The results show, at all ages studied, the fibrocartilaginous regions associated with the 

Achilles tendon enthesis are devoid of nerve fibres. However, the retromalleolar fat pad 

(an integral part of the enthesis organ) contains an abundance of nerve fibres, the number 

of which varied according to the age of the animal. These fibres are believed to be sensory 

and carry both mechanoreceptive (associated with the presence of NF200 containing fibres) 

and nociceptive (associated with the presence of SP and CGRP containing fibres) 

information to the CNS. The fat pad also contained histiocytes, although the number 

varied between the specimens.

Innervation of the Enthesis

This study has demonstrated for the first time that contrary to many textbook/review 

statements (Benjamin and McGonagle, 2001; Benjamin and Ralphs, 1997; Braun et al., 

2000; Khan et al., 2000; Klippel and Diepp, 1998; Niepel et al., 1966; Palesy, 1997; 

Resnick and Niwayama, 1983), that the rat Achilles tendon enthesis is not innervated. This 

absence of nerve fibres within the fibrocartilages of the enthesis organ is paralleled by their 

avascular nature. This is comparable to the aneural and avascular structure of articular 

cartilage (Kuettner and Pauli, 1983; Toynbee, 1841). In contrast to the present findings, 

some fibrocartilaginous structures have been shown to contain both nociceptors and 

mechanoreceptors. Cavalcante et al., (2004) demonstrated the presence of such receptors 

in the triangular fibrocartilage of the human wrist, although the nerves occurred in the more 

fibrous, peripheral parts of the fibrocartilage and the central cartilaginous region lacked 

blood vessels and nerves. This pattern is also observed in the the intervertebral disc, where 

the outer third of the annulus fibrosis is innervated, while the inner region and the nucleus 

pulposus is aneural and avascular (McCarthy et al., 1991). However, in degenerative discs, 

nerve fibres from the outer annulus grow into the central part of the disc. This process is 

driven by nerve growth factor (NGF; secreted by newly formed blood vessels) binding to 

the high affinity tyrosine kinase receptor (trk) -  A, which is expressed on the growing 

nerves (Freemont et al., 2002b). It is therefore possible that a similar nerve in-growth 

occurs in degenerative conditions affecting the Achilles tendon enthesis. Perhaps the 

nerves supplying the Achilles tendon, present in the peritendinous tissue of healthy 

tendons, can grow into the enthesis fibrocartilage along with newly-formed blood vessels 

expressing NGF?
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Why do the fibrocartilaginous regions associated with the Achilles tendon insertion not 

contain nerve fibres? It is probably associated with the mechanical load to which the 

enthesis is subject. The function of the enthesis fibrocartilage at the attachment site is to 

provide a gradual change in the mechanical properties between soft tendon and hard bone. 

The uncalcified fibrocartilage disperses the forces generated by tendon bending away from 

the bone-tendon interface to the adjacent soft tissues. This is promoted by the ECM 

molecule aggrecan which attracts water into the tissue - thereby making it incompressible 

and facilitating gradual collagen fibre bending (Benjamin et al., 1986; Kiani et al., 2002). 

It is therefore understandable that this region, which is subject to considerable mechanical 

load, is devoid of nerve fibres. This also explains why the other fibrocartilaginous regions 

of the enthesis organ are also aneural. These fibrocartilaginous regions reduce wear and 

tear which occurs on the periosteum of the superior tuberosity and the opposing tendon. 

However, they do also help to dissipate stress away from the insertion site itself (Benjamin 

et al., 2004a). As a result, these areas are subject to compression, and therefore the 

presence of nerve fibres in this region would probably lead to damage of delicate nerve 

fibres during normal movement. However, it is also possible that the compressive resistant 

properties of the tissue may prevent adequate compression to stimulate nerve endings 

therefore negating their requirement under normal conditions. The innervation of the 

enthesis organ can therefore be suitably compared to a synovial joint, the 3 

fibrocartilaginous regions of the enthesis organ and the articular cartilage in the synovial 

joint function in the same way to prevent wear and tear and accordingly, both are avascular 

and aneural.

But what prevents these nerve fibres from growing into the fibrocartilage? It is important 

to recognise that all 3 fibrocartilages (enthesis, sesamoid and periosteal) contain the GAG, 

chondroitin sulphate (CS) in their ECM as part of the aggrecan molecule. Aggrecan first 

appears during growth, at load bearing age (approximately 2 weeks after birth) in the 

enthesis, periosteal and sesamoid fibrocartilage (Rufai et al., 1992). Recent studies have 

demonstrated that CS acts as an axonal growth inhibitor in the CNS (Snow and Letoumeau, 

1992) and also in the peripheral nervous system in the region of the intervertebral disc 

(Johnson et al., 2002). A number of mechanisms for this inhibition have been described 

including receptor mediation and masking of laminin -  a growth promoting factor (Snow 

and Letoumeau, 1992). However, most studies have concentrated on the fact that high 

concentrations of CS restrict nerve in-growth (Johnson et al., 2002; Snow and Letoumeau,
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1992) and also endothelial cell adhesion and migration (Johnson et a l, 2005). The high 

concentrations of CS in the fibrocartilage of the enthesis organ may therefore restrict nerve 

growth.

During (fibro)cartilage degeneration, there is a loss of aggrecan and therefore a reduction 

in the concentration of CS within the tissue. This allows blood vessel and nerve in-growth 

into the tissue and results in pain (Johnson et al., 2002; Johnson et al., 2005). A similar 

mechanism may occur at the enthesis in degenerative conditions causing the pain 

associated with these conditions. However, nerve fibres are also absent at birth, when 

fibrocartilage and therefore aggrecan is not present. It could therefore be suggested that 

the precursor region of the enthesis may contain another form of developmental nerve 

growth inhibitor - such as a member of the semaphorin family (Wright et al., 1995). This 

may indicate that the absence of nerves is not a consequence of fibrocartilage formation, 

but a specified adaptation which would parallel the anti-angiogenic activity of endostatin in 

fibrocartilage (Pufe et al., 2004) or ChM-I in cartilage (Shukunami et al., 2005). Indeed, it 

may in fact be the anti-angiogenic nature of the tissue that prevents the growth of nerves 

into the tissue prior to cartilage formation.

Tendon Fibrocartilage

A small amount of fibrocartilage was observed on the superficial surface of the Achilles 

tendon and the opposing deep surface of the tendon of plantaris (i.e. where this tendon 

crosses posterior to the Achilles tendon). This is in line with observations made by Rufai et 

al., (1992). During dorsiflexion, the two tendons become opposed and, like the sesamoid 

fibrocartilage of the Achilles tendon itself, the tendon cells undergo metaplasia (due to the 

tensional and compressive forces) so that a fibrocartilaginous region develops (Benjamin 

and Hillen, 2003; Rufai et al., 1992; Vogel and Koob, 1989). This may indicate why nerve 

fibres are also absent from the Achilles paratenon in the region where the tendon of 

plantaris overlies the Achilles tendon.

In aged rats, a further region of fibrocartilaginous developed within the central part of the 

Achilles tendon -  perhaps reflecting the accumulative effect of a lifetime of compressional 

forces imposed on the tendon. According to Vogel and Koob (1989) such a differentiation 

reflects metaplasia of the tendon fibroblasts into fibrocartilaginous cells, and thus the 

secretion of a more cartilage-like matrix which is rich in aggrecan. This matrix has a
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greater ability to resist compressive forces. However, fibrocartilaginous formation has also 

been identified in the tendons following healing (Murrell et al., 1994) and thus an 

alternative interpretation of this central fibrocartilage is that it represents a pathological 

response to tendon damage during life.

The thin acellular layer which lines the insertional angle was also devoid of nerve fibres. 

By virtue of its location, it is possible that this region plays a role in relaying information 

about changes which occur in the insertional angle between tendon and bone with foot 

movements. However, it seems more likely that the fat pad is of key importance in this 

regard. It sits in the insertional angle between the calcaneus and the Achilles tendon, and is 

richly innervated nerve fibres. However, physiological evidence in support of this role is 

absent.

The Retromalleolar Fat Pad

The retromalleolar fat pad acts as a variable space filler, moving in and out of the 

retrocalcaneal bursa during plantar- and dorsiflexion (Canoso et al., 1988; Theobald et al., 

2006). The pad itself is formed by a large population of adipocytes which are large 

globules of lipid surrounded by a thin cytoplasmic envelope (Stevens and Lowe, 2001). As 

these cells develop, small lipid droplets accumulate and eventually form a large lipid 

globule, which pushes the nucleus to one side of the cell. In the retromalleolar fat pad, as 

at most other locations, the adipocytes have a regular, hexagonal shape that reflects the 

mutual pressure exerted by neighbouring cells on each other (Thompson, 1961). The 

principle function of the tip of the fat pad, like the other components of the enthesis organ 

is to dissipate stress away from the tendon-bone interface and as a result reduce wear and 

tear (Benjamin et al., 2004a; Benjamin et al., 2004b; Theobald et al., 2006). However, 

Benjamin et al.,(2004b) demonstrated the presence of lamellated corpuscles (encapsulated, 

receptor nerve endings) in fat associated with other entheses, indicating that the fat pad 

may also have a proprioceptive function. It could collect information on ankle position 

which is subsequently relayed to the CNS (Benjamin et al., 2004b). The present 

immunohistochemical study has confirmed the presence of nerve fibres within the rat 

retromalleolar fat pad -  suggesting that in this animal too, the fat pad may play a similar 

role.
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Two large nerve bundles were identified in the proximal part of the fat pad. On the lateral 

side of the joint these are most likely sections through the sural nerve, and on the medial 

side sections through the medial and lateral platar nerves - branches of the tibial nerve 

(Greene, 1935). The large nerve bundle in the central part of the fat pad is most likely the 

peroneal anastomotic branch of the sural nerve (Peyronnard and Charron, 1982). The nerve 

fibres in the fat pad were either “free” or blood-vessel associated. Some fibres were also 

present in the tunica media of larger blood vessels. The arborisation and small diameter of 

the nerve fibres wthin the fat pad indicates that these nerve fibres terminate within the pad 

rather than supplying other structures (although this cannot be ruled out). The presence of 

PGP 9.5 immunoreactive nerve fibres indicates the presence of mechanoreceptive, 

nociceptive, and autonomic fibres (Doran et al., 1983) in the fat pad. The large number of 

fibres identified within the fat pad can be compared to those fibres found within Hoffa’s fat 

pad of the knee (Wojtys et al., 1990). This structure has been associated with the painful 

overuse injury commonly called ‘jumper’s knee’, which mainly affects young active people 

(Sanchis-Alfonso and Alcacer-Garcia, 2001) and ‘anterior knee pain syndrome’, a 

condition in which the number of SP immunoreactive nerve fibres is significantly increased 

(Witonski and Wagrowska-Danielewicz, 1999). A comparable fat pad has also been 

identified in the equine distal phalanx. The digital cushion also contains sensory nerve 

fibres and an extensive capillary network (Bowker et al., 1998). In support of the 

observations made here, Freeman and Wyke (1967c) described the innervation of the ankle 

joint in the cat with silver staining. They reported that not only was the joint capsule was 

innervated, but that the fat pad posterior to the joint (the retromalleolar fat pad) also 

contained many nerve fibres and in particular contained type II encapsulated nerve endings. 

They believed that these may play an important role in prorioception of the ankle joint 

(Freeman and Wyke, 1967c).

In an attempt to classify the nerve fibres found in the retromalleolar fat pad, more specific 

antibodies were used. Polyclonal antibodies against the sensory neuropeptides CGRP and 

SP demonstrate the presence of thin unmyelinated fibres which convey nociceptive 

information to the CNS. However, the fibres that are associated with blood vessels are 

primarily vasoactive and participate in pro-inflammatory mechanisms through direct 

binding to receptors in the endothelium (Brain, 1997; Brain and Cambridge, 1996; Jorizzo 

et al., 1983). Although there was no correlation between the number of CGRP and SP 

fibres, results previously reported with the use of radioimmunoassay suggest that the
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concentration of CGRP is greater than SP in the Achilles tendon (Ackermann, 2001). 

CGRP facilitates the vasodilatory effect of SP in the surrounding nerve fibres (Brain, 1997; 

Brain and Cambridge, 1996). The population of fibres in the fat pad appeared to increase 

during growth of the animal up to 4 months (i.e. young sexually mature animals). 

However, it was not possible to determine if the number of peptidergic nerve fibres 

decreased in the aged rat. Studies into the somatic innervation of the mystacial fat pad of 

the skin (Bergman et al., 1999; Fundin et al., 1997) and the distribution of SP and CGRP in 

the rat urinary bladder (Mohammed and Santer, 2002) suggest that there is a decrease in the 

population of these fibres with old age. The same developmental observations were made 

for the polyclonal antibody neurofilament 200. These fibres showed the most obvious 

decrease in nerve fibre population with old age. These findings are in line with Bergman et 

al.,(1999) in which mechanoreceptive fibres are preferentially affected by age in 

comparison to nociceptive/peptidergic fibres. It is suggested that the decrease in the 

population of sensory fibres is due to age related lesions of these fibres (Bergman et al., 

1999).

The neonatal fat pad demonstrated that there were a number of nerve fibres at the tip of the 

neonatal fat pad. In older animals, fewer fibres were present in the tip and may be due to 

the compression of the fat pad between the walls of the retrocalcaneal bursa during weight 

bearing movements in the adult. It has previously been reported that chronic low-level 

compression of myelinated fibres within cervical nerve roots in man, leads to a decrease in 

the number of fibres and thinner myelin sheaths (Oishi et al., 1995). These repeated weight 

bearing movements may also lead to the increasingly fibrous nature of the fat pad with age, 

therefore demonstrating that the fat pad is susceptible to wear and tear. The fibrous nature 

was also noted in the human fat pad but to a lesser extent (unpublished observations -  H.M. 

Shaw). This may be due to the more posterior insertion of the Achilles tendon in the rat 

compared to that in man. It is possible that the fat pad moves further into the insertional 

angle and experience more compression than it does in man. The fibrous character of the 

fat pad tip probably enables this part of the fat to act in a similar way to the sesamoid 

fibrocartilage -  i.e. reducing wear and tear.

It is interesting to note that in one specimen (a 4 month rat), there was fibrocartilage 

formation with a bony core at the tip of the fat pad. This structure may be analogous to an 

extraskeletal chondrosarcoma as demonstrated by Ly and Bui-Mansfield (2004) in man.
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In some of these chondrosarcomas, there are regions of ring or arclike calcifications, 

similar to those described in the present study. It may thus be considered that the 

retromalleolar fat pad contains multipotent cells with the ability to transform into a number 

of other cell types. There is evidence that the infrapatellar fat pad, subcutaneous adipose 

tissue, and visceral fat deposits contain multipotent stromal cells, which have the ability to 

differentiate into chondrocytes, osteoblasts, and adipocytes in defined culture medium 

under specific biophysical factors. Such cells are attracting interest for their potential use 

in musculosekeletal tissue engineering (Guilak et al., 2004; Tholpady et al., 2003; 

Wickham et al., 2003).

The presence of mast cells in the fat pad is also intriguing. Several studies have described 

these cells in close association with the synovial membrane, small blood vessels and 

peptidergic nerve fibres (Hart et al., 1995) -  observations according with those reported 

here in the retromalleolar fat pad. It is suggested that the release of neuropeptides from 

primary sensory neurons not only has a vasodilatory affect, but these neuropeptides also 

have the ability to increase vascular permeability, leading to inflammation and oedema, a 

process known as neurogenic inflammation which results in peripheral sensitisation of the 

local nociceptive nerve fibres (Gamse et al., 1987; Lembeck and Holzer, 1979) (Fig 3.4.1.). 

Peripheral sensitization can also occur through mast cells. SP release can cause mast cell 

degranulation and therefore the release of histamine - which can also cause stimulation of 

nociceptive nerve fibers (Brimble and Wallis, 1973; McQueen, 1999; Ninkovic and Hunt, 

1985). A more direct route is also present by which the neuropeptides themselves cause 

peripheral sensitisation of local nerve fibres (Nakamura-Craig and Gill, 1991). It can 

therefore be hypothesised that under conditions of tissue damage which lead to peripheral 

sensitization, the retromalleolar fat pad will reduce the range of movement at the ankle to 

prevent further damage to the region.
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Figure 3.4.1. The peripheral release of substance P and/or calcitonin gene related peptide (black arrows) from 

nociceptive nerve endings under conditions of tissue damage can lead to stimulation/sensitisation (red arrows) 

of nociceptive nerve fibres (green fibres) via several different pathways. A) SP and CGRP can directly cause 

peripheral sensitization of the nerve fibres. B) SP release can cause mast cell de-granulation and therefore the 

release of histamine which in turn can stimulate nociceptive nerve fibres. C) Blood vessels are also affected 

by SP and CGRP. These neuropeptides cause vasodilation and increased vascular permeability resulting in 

oedema, inflammation and peripheral sensitisation of the nerve fibre.

It has even been identified that selective lesioning of unmyelinated primary sensory 

afferent or sympathetic postganglionic neurones can lead to a significant decrease in the 

number of mast cells. Therefore mast cell density may be affected by the number of active 

unmyelinated afferent and sympathetic postganglionc neurons (Levine et al., 1990). It has 

been hypothesized by Freemont et al., (2002a) that the increased number of mast cells in 

the diseased intervertebral disc may play a role in chronic low back pain.
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As demonstrated in Fig 3.4.2. neurogenic inflammation may also occur within the 

retromalleolar fat pad via an indirect route. As described above SP, can cause mast cell de

granulation and therefore the release of histamine; histamine not only affects the nerve 

fibres, but can also bind to receptors on nearby blood vessels, leading to inflammation and 

oedema (Foreman and Jordan, 1983; McQueen, 1999).

Spinal Cord

I MAST CELLSBLOOD VESSELS

INFLAMMATION

Figure 3.4.2. Neurogenic inflammation via mast cell degranulation.

Mast cells were also identified within the large peripheral nerves of the fat pad; their 

function in the nerve trunk is difficult to define although it should be noted that they have 

been identified in nerve tumors, neurofibromas and neurofibromatosis (Viskochil, 2003).

In conclusion, it is suggested that the fat pad of the rat Achilles tendon enthesis organ has 

unheralded proprioceptive and nocioceptive roles which monitor changes in the insertional 

angles between tendon and bone occurring as a result of foot movements. The presence of 

mast cells and neuropeptide containing nerve fibres, within the retromalleolar fat pad, 

suggests a potential role in a neurogenic inflammatory response and peripheral sensitization 

-  possibly restricting movement and causing pain when the region is injured.
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Chapter 4

4. ANATOMY AND INNERVATION OF KAGER’S FAT PAD

4.1. INTRODUCTION

The results presented in chapter 3 demonstrated that the retromalleolar fat pad associated 

with the enthesis organ of the rat Achilles tendon is highly innervated with sensory nerve 

fibres. The fat pad may therefore play a fundamental role in monitoring the changes which 

occur at the insertional angle during foot movement, and may also be a source of pain and 

inflammation in pathological conditions. It is hypothesised that Kager’s fat pad has the 

same functions in man. The aim of the present study therefore was to determine the 

innervation of the fat pad with the use of immunohistochemistry, and to further understand 

the functions by studying its normal gross anatomy and histological structure. 3D 

reconstructions of serial sagittal MRI images of the fat, together with living and surface 

anatomy observations are also presented in an attempt to gather more information on the 

movement of the fat pad in living subjects.

Brief Review

Kager’s fat pad fills Kager’s triangle - a well known radiological landmark in the posterior 

region of the ankle (Fig 4.1.1.). The triangle itself is bordered anteriorly by flexor hallucis 

longus (FHL), posteriorly by the Achilles tendon and inferiorly by the calcaneus. Even 

though the triangle itself attracts much interest, and is commonly referred to by clinicians 

when evaluating problems with the ankle joint and its associated tendons (Ly and Bui- 

Mansfield, 2004) little attention has been paid to the fat pad itself. As a result, an extensive 

study was carried out on the fat pad by Theobald et al. (2006). With the use of MRI, 

ultrasonography, and routine histology, the pad is described as a large wedge of adipose 

tissue, divided into 3 regions (Figure 4.1.2). These regions are named in accordance with 

the structures to which they are most closely associated - a large, superficial ‘Achilles- 

associated part’, a deep ‘FHL-associated part’, and a ‘calcaneal bursal wedge’ or tongue. 

Theobald et al., (2006) demonstrated that the FHL-associated part of the pad was enclosed 

within the fascial sheath of FHL and extended beneath the Achilles-associated region to 

merge with the calcaneal wedge, giving it an inverted J shape. Part of the Achilles- 

associated region is also enclosed by the false tendon sheath -  the paratenon - of the 

Achilles tendon (Ly and Bui-Mansfield, 2004; Theobald et al., 2006). It was suggested that 

the enclosure of the fat within the tendon sheath prevents excessive movement of the pad. 

This stabilisation is especially required in the Achilles-associated region, where numerous
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blood vessels pass through it to vascularise the Achilles tendon and the pad itself. Fibrous 

strands are also present to further anchor the Achilles-associated region to the tendon itself 

(Theobald et al., 2006).

Of particular interest is the way in which the fat pad moves. Ultrasonography clearly 

demonstrates that during plantar flexion, the insertional angle of the Achilles tendon 

increases and the wedge-like tip of the fat pad moves to fill the retrocalcaneal bursa. This 

movement is facilitated by hyaluronic acid which is secreted by the bursal synovium (Ly 

and Bui-Mansfield, 2004).

Tendon of flexor 
hallucis longus

Achilles tendon

Calcaneus

Figure 4.1.1. Kager’s triangle (red) is bordered inferiorly by the calcaneus, and the Achilles tendon and the tendon of flexor hallucis 
longus form the sides of the triangle. Kager’s fat pad is located within Kager’s triangle (Ly and Bui-Mansfield, 2004)

Figure 4.1.2; MRI images demonstrating Kager’s pad and its identified regions. Each region is identified by the structure to which it 
are most closely associated. A : blue- Achilles-associated region, T -Achilles Tendon. W : red- Calcaneal bursal wedge. S -  Superior 
tuberosity, C -  Calcaneus, F : green- Flexor hallucis longus (FHL) associated region (Images provided by Prof. G. Bydder).
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Theobald et al., (2006) discussed how movement of the pad may occur. Several 

possibilities were suggested: its movement may simply be a passive consequence of the 

upward movement of the calcaneus, or the pad may be sucked into the retrocalcaneal space 

to prevent pressure changes. It is also possible that muscular contraction may play a role in 

movement. One or possibly a combination of these factors may facilitate movement of the 

fat pad (Theobald et al., 2006). Theobald et al., (2006) highlight the importance of 

maintaining normal movement of the fat pad into the bursa, and therefore advise caution 

during surgical operations on this region to prevent adhesion formation.

These observations suggest that Kager’s fat pad is a structural pad similar to those of palm 

of the hand or sole of the foot. Such regions of adipose tissue are known to be present 

throughout life, and Scammon et al., (1919) have demonstrated that the buccal fat pad does 

not alter in size despite different states of nutrition, in contrast to subcutaneous adipose 

tissue. A preliminary study will therefore be carried out here to determine whether Kager’s 

fat pad is affected by the weight of the individual or other measurable factors.
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4.2. MATERIALS AND METHODS

4.2.1. Routine Histology

To examine the general anatomy of Kager’s fat pad, specimens were acquired for routine 

histology from dissecting room cadavers which were fixed using an 

ethanol/phenol/formaldehyde solution. Cadavers were donated to Cardiff University for the 

purposes of Anatomical investigation under the provision of the 1984 Anatomy Act and the 

2004 Human Tissues Act. The central third of the Achilles tendon enthesis, along with its 

associated fat pad, was removed from cadavers aged 63-87 years. A number of samples 

had been previously prepared for histology for other purposes by Dr Koji Hayashi. Biopsy 

samples of Kager’s fat pad were aquired from patients with symptoms of retrocalcaneal 

bursitis by Professor Tsukasa Kumai (Nara Medical University, Japan) during resection of 

the retrocalcaneal bursa and processed histologically, and digital images of these sections 

were used in this study. For full details of histological processing see chapter 2.

6.2.2. Macroscopic Images

The gross anatomy of the tip of Kager’s fat pad was captured using a Canon EXUS55 

digital camera (Canon (UK) Ltd, Surrey, UK).

6.2.3. Immunohistochemistry 

Source o f Material

To examine the innervation of Kager’s fat pad, the pad itself in association with the 

Achilles tendon insertion was obtained from 10 cadavers of both sexes, at various ages, as 

soon as possible after death -  from the Department of Forensic Medicine at the Ludwig- 

Maximilians-Universitat, in accordance with the ethical regulations of Munich University.

Dissection Procedure

Specimens were fixed in 90% methanol (Fisher Scientific, Loughborough, UK) at 4°C for 

up to 7 days. The fat pad was then removed carefully with the use of scalpel and forceps 

from the deep surface of the Achilles tendon and the calcaneus ensuring that the tip of the 

fat pad remained intact (Fig 4.2.7).
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Figure 4.2.1: The tip of the fat pad protruding into the retrocalcaneal bursa was removed from the specimen 

Sectioning Procedure

Specimens were soaked in 10% PB sucrose solution overnight, prior to cryosectioning. 

Material was subsequently frozen onto a cryostat chuck and sagittal sections of the fat pad 

were then cryosectioned at 12pm using disposable blades on a Microm cryostat (HM560, 

Walldorf, Germany). The sections were collected on Histobond slides (RA Lamb Medical 

Supplies, Eastbourne, UK) and stored at -20°C for subsequent immunolabelling (see 

chapter 2 for further details).

Labelling

Sections were labelled with the antibodies; PGP 9.5, NF200, SP and CGRP and 

subsequently developed with either FITC-conjugated Fab fragments or avidin-biotin 

substrates. Visualisation of the primary labelling was achieved with either NovaRED or 

DAB (see chapter 2 for further detail).

4.2.4. Magnetic Resonance Images and 3D Reconstructions 

MRI Images
Magnetic Resonance Images were obtained by Professor Graeme Bydder (University of 

California San Diego - Radiology). Three healthy volunteers (31-60 years) were studied on 

a 1.5T magnetic resonance scanner (Siemens, Erlangen, Germany). Multi-slice, T l- 

weighted non-fat saturated conventional spin-echo images (TR = 500 msec, TE = 16 msec, 

1 mm slice thickness, 448 x 384 matrix, field of view 107 mm) were performed in the 

sagittal plane at varying degrees o f dorsi- and plantar flexion.
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3D Reconstructions

The serial MRI images were subsequently used to create three dimensional images of the 

hindfoot with the use of Reconstruct - a free reconstruction software download (Fiala, 

2005).

4.2.5. Kager’s Fat Pad Measurements

Cadavers were visually assessed by the amount of abdominal adipose tissue and classes as 

‘normal’, ‘underweight’, or ‘overweight’. The height and foot length of each cadaver was 

also recorded and Kager’s fat pad was carefully dissected and weighed using electronic 

scales (CT200-S; OHAUS corporation, Florham park, N.J., USA). The volume of the fat 

pad was measured by water displacement in a Kartell® graduated measuring cylinder 

(Kartell Spa, Noviglio, Italy). The data obtained was then analysed with the used of 

Microsoft® Office Excel (2003), GraphPad Prism (version 2.01) and MINITAB (version 

14).
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4.3. RESULTS

Gross Anatomy and Histological Structure

The location of Kager’s fat pad is shown in Figs 4.3.1. A-E. It lies in the posterior region of 

the ankle, filling the space between the Achilles tendon and the posterior border of FHL, to 

the superior surface of the calcaneus where it sends a tongue-like protrusion into the 

retrocalcaneal bursa. The fat itself is relatively fibrous in texture, in comparison to the 

greasy lobular fat found in other locations of the body -  e.g. the abdominal cavity. During 

dissection of the fat pad, it was observed that the tip of the fat pad varied greatly between 

specimens (Fig 4.3.2. A-E). In some specimens the tip was relatively uniform in shape with 

a smooth rounded appearance (Fig 4.3.2.A). However in others, the fat pad was flattened 

and had a feathered appearance at its tip (Fig 4.3.2.B) or had distinct clefts which generated 

several discrete adipose tissue protrusions (Fig 4.3.2.C-E).

The normal histological structure of the Achilles tendon enthesis organ (Fig 4.3.3) 

demonstrated a structure that was composed of 3 fibrocartilages, the enthesis fibrocartilage 

at the attachment of the Achilles tendon to the calcaneus, a periosteal fibrocartilage 

covering the superior tuberosity, and a sesamoid fibrocartilage in the deep surface of the 

Achilles tendon. The sesamoid and periosteal fibrocartilages form the walls of the 

retrocalcaneal bursa, which was bordered proximally by a synovial covered protrusion of 

adipose tissue from Kager’s fat pad. This is the focus of the current study.

During gross dissection of the fat pad, a large number of tortuous blood vessels were 

observed in the proximal, Achilles-associated region of the fat pad (Fig 4.3.l.B). 

Furthermore routine histology showed that a large anastomosing capillary network was 

present within the bursal-wedge (Fig 4.3.4.A). At high magnification, these capillaries 

could be seen to pass through small clefts between individual adipocytes (Fig 4.3.4.B). In a 

number of cadavers, the tip of the fat pad contained a particularly dense population of 

blood vessels in close association with the synovial membrane (Fig 4.3.4.C). In many 

individuals, the synovial membrane was infolded, forming synovial villi (Fig 4.3.4.C) - 

such villi were not identified in the tip of the fat pad in the rat (Fig 4.3. l.P - Chapter 3). 

The fat itself had a ‘honeycomb’ appearance, with fibrous strands, of varying thicknesses, 

coursing throughout the fat pad (Fig 4.3.4.D). These fibrous strands occasionally contained
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elastic fibres (Fig 4.3.4.E and F). Such fibres were also identified in the walls of large 

arteries within the fat pad (Fig 4.3.4.G.).

A number of large nerve bundles were also seen within Kager’s fat pad in routine 

histological sections (Fig 4.3.4.H). A Pacinian corpuscle (Fig 4.3.5.B), which was readily 

recognisable by its distinctive, onion-like appearance was seen in the loose connective 

tissue (paratenon) superficial to the Achilles tendon enthesis in one cadaver. In this 

particular specimen, a pominent bony spur was also present within the tendon (Fig

4.3.5.A).

Histopathology

Histological analysis of cadaveric specimens highlighted the presence of a number of 

pathologies and anatomical variations associated with Kager’s fat pad. A number of 

specimens contained cartilage-like regions in the wedge-like tip of the fat pad, often on its 

synovial surface (Fig 4.3.5.C). The cells within these cartilaginous structures were rounded 

and demonstrated a strongly-staining pericellular matrix (Fig 4.3.5.C and D). Fibrous 

adhesions were also seen in a number of specimens. Fig 4.3.5.E. illustrates such an 

adhesion between the periosteal fibrocartilage and the Achilles tendon -  with the adhesion 

crossing the retrocalcaneal bursa. These adhesions may simply bridge the gap between the 

two structures (Fig 4.3.5.E) as seen here or completely obliterate the bursa (not shown). 

The adhesions appeared to be principally fibrous in structure, and contained several blood 

vessels - some of which were present at the attachment of the adhesion to the Achilles 

tendon (Fig 4.3.5.F and G). At this attachment, fibrous strands of the adhesion can be seen 

to penetrate into the tendon itself (Fig 4.3.5.F). A cartilaginous-like region was also 

present within the central part of the adhesion (Fig 4.3.5.G and H) - this region contained 

rounded cells and the collagen fibre organisation was less conspicuous (Fig 4.3.5.H.). One 

of the most unusual variations seen in these specimens was the presence of an accessory 

tendon, which originated from the Achilles tendon and passed through Kager’s fat pad to 

insert into the periosteal fibrocartilage on the superior tuberosity of the calcaneus (Fig

4.3.6.A and B).

A frequent observation was the invasion of part of Kager’s fat pad into the deep surface of 

the Achilles tendon (Fig 4.3.6.C-E). Blood vessels were usually present within this 

invading tissue (Fig 4.3.6.C and E). In every specimen, the region of invagination was
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consistent - proximal to the deep part of the insertion of the tendon where the synovial 

membrane reflects back on itself. In a number of these specimens, the blood vessels could 

be followed from these vascular invasions into the enthesis fibrocartilage (Fig 4.3.7.A.). In 

other specimens, where the blood vessels could not be seen to invade into the Achilles 

tendon from the fat pad, blood vessels could still occasionally be found in the enthesis 

fibrocartilage (not shown). Furthermore, toluidine blue staining was considerably weaker 

around invading blood vessels compared to the rest of the fibrocartilage (Fig 4.3.7.A).

In addition to the anatomical variations and histopathologies observed in association with 

the fat pad, histopathogical features of the enthesis fibrocartilage were also observed. 

Fibrocartilage cells in the periosteal and enthesis fibrocartilage (Fig 4.3.7.B) were often 

hypertrophied or grouped into clusters. Such changes were also observed in the insertional 

angle of the enthesis (Fig 4.3.7.C). A local absence of the periosteal fibrocartilage was also 

noted in one cadaver -  the tissue being replaced by a collection of adipocytes (Fig 4.3.7.D). 

Local inflammatory reactions appeared to be rare in the specimens examined. Only one 

specimen demonstrated the presence of mast cells within the loose connective tissue 

surrounding the paratenon (Fig 4.3.7.E).

Biopsy Samples from  Patients with Retrocalcaneal Bursitis

Biopsy samples taken from patients with Haglund’s deformity and symptoms of 

retrocalcaneal bursitis, demonstrated the presence of a large number of lymphocyte 

infiltrates within the fat pad and in several cases these cells formed dense nodules (Figs 

4.3.8.A-C). Lymphocytes were also particularly prominent in the synovial and sub- 

synovial layers of the fat pad (Figs 4.3.8.B and D).

M RI Images and 3D Reconstructions o f the Hindfoot

MRI images and 3D reconstructions of the hindfoot showed that the fat pad was 

compressed during foot movements. During plantarflexion, the calcaneal bursal-wedge 

was compressed by the superior tuberosity of the calcaneus. At the same time, the 

insertional angle of the tendon increases, allowing the tip of the fat pad to fill the 

retrocalcaneal space. Additionally, the proximal region of the ‘FHL-associated part’ of the 

fat pad is compressed by FHL during plantarflexion (Fig 4.3.9.A and C). During 

dorsiflexion, the ‘bursal wedge’ is pushed back out of the retrocalcaneal bursa as the 

calcaneus returned to a more horizontal position and the ‘FHL associated region’ was also
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released from compression. However, in both positions of the foot, the ‘Achilles- 

associated part’ of the pad appeared to retain its position relatively unchanged, although it 

was slightly compressed by FHL (Fig 4.3.9.A).

The 3D reconstructions also highlighted the fact that during plantarflexion, the Achilles 

tendon itself flexed and the mid-substance of the tendon become concave (Fig 4.3.9.A and 

D and Fig 4.3.10). Twisting of the Achilles tendon was also seen in the reconstructions 

(Fig 4.3.9.D) and it was further evident that the tip of the fat pad varied in shape between 

individuals. Some fat pad tips had obvious lateral protrusions (Fig 4.3.9.B - bottom), while 

others had a more uniform shape across the width of the fat pad (Fig 4.3.9.B - top).

As illustrated in Fig 4.3.10, the Achilles tendon also undergoes marked changes in form 

during foot movement. The negative MRI images illustrate that from 2° (top) to 52° 

(bottom) of plantarflexion the Achilles tendon becomes concave, while the angle of 

insertion of the Achilles tendon remained the same.

Surface Anatomy o f the Hindfoot

From a medial viewpoint it was clear that the Achilles tendon flexes, to become concave 

during plantarflexion (Fig 4.3.11.A), while from a posterior aspect, it was evident that the 

fat pad bulges laterally (Fig 4.3.1 l.E and F). During dorsiflexion from a posterior view, 

the flaring of the Achilles tendon at its attachment was particularly apparent (Fig 4.3.1 l.E 

and F).

Anthropometric Analysis

Comparisons between males and females in the ‘normal group’ demonstrated a large 

degree of variation between the size of the fat pad in different subjects (See Table 4.3.1). 

The size of the female fat pad varied to the greatest degree (between 5.94g and 16.75g). 

The size of the male fat pad also varied -  but to a lesser extent (between 12.59g and 

17.58g). There was no significant difference (p=0.588) in the weight of the fat pad 

between the sexes in the ‘normal’ weight group (Fig 4.3.12.A). Furthermore, there was no 

significant difference (p=0.747) in the weight of the fat pad between the three different 

weight groups (Fig 4.3.12.B).
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Normal
Sex Weight of fat pad - g Volume -ml height-cm foot length -  cm
Male 12.59 15 184 27
Male 17.58 20 180 26
Male 13.5 10 178 25
Male 15.3 15 184 26
Female 13.42 20 170 23
Female 16.75 19 161 23
Female 5.94 4 163 23
Female 17.6 20 175 23

Overweight
Sex Weight of fat pad - g Volume - ml height -  cm foot length -  cm
Male 37.42 40 171 26
Male 15.99 10 181 25.5
Female 7.06 5 166 26

Underweight
Sex Weight of fat pad - g volume -ml height -  cm foot length -  cm
Male 22.02 25 176 27
Female 4.29 4 150 21
Female 9.91 10 155 24

Table 4.3.1: Measurements taken from dissecting room cadavers for anthropometric evaluation of Kager’s 

fat pad

However there were correlations between several of the measurements made, irrespective 

of the sex or weight group. There was a strong positive correlation between the height and 

foot length of subjects used in this study (Fig 4.3.13.A). Weak positive correlations were 

also observed between: (a) individual height and weight of the fat pad (Fig 4.3.13.B), (b) 

individual height and volume of the fat pad (Fig 4.3.13.C), (c) foot length and weight of the 

fat pad (Fig 4.3.13.D), (d) foot length and volume of the fat pad (Fig 4.3.13.E). 

Furthermore there was a strongly positive correlation between the weight and volume of 

the fat pad in the subjects studied (Fig 4.3.13.F).

Immunohistochemistry

Nerve fibres and bundles were present within the wedge-like tip of Kager’s fat pad in all 10 

cadavers examined. In many of the larger nerve bundles, it was possible to see individual 

fibres running within them (Fig 4.3.14.A and B). Some of these nerves formed 

neurovascular bundles within the fat pad (Fig 4.3.14.A). Individual nerve branches were 

also identified. These fibres were either ‘free’ (Fig 4.3.14.C) or associated with blood
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vessels (Fig 4.3.14.D). The ‘free’ nerve fibres passed through the fat pad by running within 

the clefts between adjacent adipocytes, while other nerve fibres were present in close 

association with the connective tissue strands. Nerve fibres were also identified within the 

walls of larger blood vessels. Structures resembling encapsulated nerve endings were also 

present within the ‘bursal-wedge’ of the fat pad (Fig 4.3.14.E). A central nerve fibre, 

immunoreactive to PGP 9.5, was surrounded by several layers of connective tissue (Fig

4.3.14.E).

NF200 immunoreactive nerve fibres were distributed throughout the wedge-like tip of 

Kager’s fat pad. Large nerve bundles were present (Fig 4.3.15.A) within the fat pad, as 

were small branches which weaved through the clefts between adjacent adipocytes (Fig

4.3.15.B and C). Many of these nerve branches were associated with blood vessels (Fig

4.3.15.D and E). Some of these nerves lay adjacent to small capillaries which interweaved 

between neighbouring adipocytes (Fig 4.3.15.D). Nerve branches were also identified in 

close association with fibrous strands which ran throughout the bursal-wedge of the fat pad 

(Fig 4.3.15.F). Both immunofluorescence and immunoperoxidase labelling demonstrated 

the presence of SP containing nerve fibres within the bursal-wedge of Kager’s fat pad. 

Labelling demonstrated that larger nerves contained only a small population of nerve fibres 

immmunoreactive to SP, while a large population did not (Fig 4.3.16.A). This reflects the 

small number of SP containing nerve fibres found within the pad itself in comparison to 

PGP 9.5 labelled fibres. Nerve fibres were also a feature of the tunica adventitia of large 

blood vessels (not shown). A small number of nerve branches weaved between the cell 

membranes of adjacent adipocytes (Fig 4.3.16.B). The distribution of nerve fibres labelled 

positively for CGRP was very similar to that of SP labelled nerve fibres. CGRP positive 

fibres were either blood vessel associated (Fig 4.3.16.C) or ‘free’ (Fig 4.3.16.D). Negative 

controls incubated without the primary antibodies indicate that there was no non-specific 

binding of the secondary antibody to the tissue (Fig 4.3.16.E and F). Rabbit IgGs applied 

to the sections in place of the primary antibody, indicates that there was no non-specific 

labelling of the primary antibody (Fig 4.3.16.C).
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FIGURES

Figure 4.3.1.

ACHILLES TENDON ENTHESIS ORGAN IN MAN - GROSS ANATOMY

Figure A: Ventral-lateral view of the Achilles tendon (T) insertion. Note the pronounced superior tuberosity 

(white arrow) of the calcaneus (C) and the protruding tip (black arrow) of the fat pad (FP) which moves in 

and out of the retrocalcaneal bursa (B).

Figure B: Lateral view of the Achilles tendon insertion. White arrow indicates a number of tortuous blood 

vessels present in the Achilles associated part of the fat pad (FP). The bursal-wedge of the fat pad (*) was 

removed for immunohistochemistry. C-calcaneus.

Figure C and D: Ventral view of the Achilles tendon insertion. (C) Black arrow indicates the retrocalcaneal 

bursa between the Achilles tendon (T) posteriorly and the superior tuberosity (ST) of the calcaneus (C). 

White arrow indicates the tip of the fat pad (FP). (D) The bursal-wedge of the fat pad used for 

immunohistochemistry. Note the irregular shape of the tip of the fat pad (white arrow).

Figure E: Sagittal section through the attachment (black arrow) of the Achilles tendon (T) to the calcaneus 

(C). The tip (*) of the fat pad (FP) moves into the retrocalcaneal bursa (white arrow) during plantarflexion.

- 9 2 -



Anatomy and Innervation o f Kager’s fat pad

Figure 4.3.2.

GROSS ANATOMICAL VARIATIONS OF THE TIP OF KAGER’S FAT PAD PROTRUDING 

INTO THE RETROCALCANEAL BURSA IN MAN 

(Dissecting room cadavers)

Figure A: The tip of Kager’s fat pad (FP) in this subject is formed by a large, rounded protrusion (yellow 

arrow). A small protrusion (white arrow) was also present on the lateral side of the pad. SF-sesamoid 

fibrocartilage.

Figure B: The tip of Kager’s fat pad. In this subject the tip of Kager’s fat pad was formed by a single more 

flattened protrusion with several feathery slips extending from it into the bursa (yellow arrows). The smooth 

surface of the sesamoid fibrocartilage (SF) was noticeable during dissection.

Figure C: The tip of Kager’s fat pad protruding into the retrocalcaneal bursa. Note that the tip of the fat pad 

was divided into two large rounded prongs by a large centrally located cleft (arrow). C-calcaneus.

Figure D: The tip of Kager’s fat pad in this subject was divided into two uneven-protrusions by a wide cleft 

(arrow). Note the flattened nature and dark yellow colour of the tip.

Figure E: The tip of Kager’s fat pad was formed in this subject by 3 distinct, rounded projections (arrows). 

The synovium covering the tip of the fat pad was particularly obvious.
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Figure 4.3.3.

A sagittal-section through the attachment of the Achilles tendon enthesis organ in Man. The Achilles tendon (T) attaches 

to the distal part of the calcaneus (C) via the enthesis fibrocartilage (EF). The prominent superior tuberosity (ST) of the 

calcaneus is covered by a periosteal fibrocartilage (PF), which is opposed by a sesamoid fibrocartilage (SF) in the deep 

surface of the Achilles tendon. The two fibrocartilages are separated by the retrocalcaneal bursa (arrow), into which 

protrudes the tip of Kager’s fat pad (FP) which is covered by a synovial lining. Masson’s Trichrome. Scale bar = 3mm.
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KAGER’S FAT PAD IN MAN -  SAGITTAL ROUTINE HISTOLOGICAL SECTIONS

Figure A: A low power view of the bursal-wedge of the fat pad (FP). A large network of small capillaries (black arrows) 

and arteries (blue arrow) were located throughout the fat pad. Masson's trichrome. Scale bar = 500pm.

Figure B: A thin walled capillary (arrows) containing red blood cells in the bursal-wedge of Kager's pad. Note the wa\ 

the capillary passes between adjacent adipocytes (A) and branches around them. Masson's trichrome. Scale bar = 200pm. 

Figure C: The synovial lined tip of the fat pad. The synovial membrane of the fat pad was highly convoluted forming 

prominent synovial villi (arrows). Note the large population of blood vessels (*) within the villi, beneath the synovial 

membrane. Masson's trichrome. Scale bar = 200pm.

Figure D: Kager's fat pad contained groups of adipocytes (A) separated by fibrous strands. The size of these stands 

varies from small thin slips (red arrow) to thick collagenous bundles (black arrow). Masson's trichrome. Scale bar = 

200pm.

Figure E and F: Kager's fat pad stained with Van Gieson's elastic stain. Elastic fibres (arrows) were stained black, 

illustrating their association with the fibrous connective tissue in the fat pad. Scale bar= 100pm.

Figure G: A large blood vessel within Kager’s fat pad stained with Van Gieson's elasic stain. Elastic fibres (arrows) 

were present in the internal elastic lamina. Scale bar = 100pm.

Figure H: An oblique section through a nerve bundle within the bursal-wedge of Kager's fat pad. The nerve was 

surrounded by a thick connective tissue sheath (arrow). Masson’s Trichrome. Scale bar = 100pm
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Figure 4.3.4.
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Figure A: A low-power view of the Achilles tendon insertion. Arrow indicates a large bony spur w ithin the 

enthesis fibrocartilage. The black box highlights the location of the Pacinian corpuscle imaged in Fig 6.4.5. B. 

Masson’s Trichrome.

Figure B: A Pacinian corpuscle located in the connective tissue on the posterior surface of the Achilles 

tendon. Note the large number of concentric fibrous lamellae which form this distinctive encapsulated nerve 

ending. Masson’s trichrome. Scale bar = 400pm.

Figure C: A cartilage-like structure in the tip of Kager’s fat pad adjacent to the Achilles tendon. Note the 

rounded nature of the cells within this structure (arrows). Masson’s trichrome. Scale bar = 200pm.

Figure D: A toluidine blue-stained section of the cartilage-like structure in (C). Note the dark pericellular 

staining of its cartilage-like cells. Scale bar = 200pm.

Figures E-H: Sagittal histological sections through an adhesion between the Achilles tendon and

periosteal fibrocartilage (alcian blue)

Figure E: A low-power view of the adhesion between the Achilles tendon (T) and the periosteal

fibrocartilage (PF). The adhesion passes through the retrocalcaneal bursa (RB). The fat pad (FP) lies 

proximal to the adhesion. Scale bar= 1000pm.

Figure F: The attachment o f the adhesion (A) to the Achilles tendon (T). At the attachment, the adhesion 

fans out to increase the area of the attachment to the tendon, which is facilitated by a number of fibrous 

strands (*). Note the presence of blood vessels close to the attachment site. Scale bar = 300pm.

Figure G: The central part of the adhesion (A) crossing the retrocalcaneal bursa. A number of venules 

(arrows) were located within the adhesion, in addition to a small fibrocartilaginous structure (*). Scale bar = 

200pm.

Figure H: High power view of the fibrocartilaginous region highlighted (*) in Figure 6.4.5.G. Arrows 

indicate rounded cells located within this structure. Note the reduced fibrillar nature. Scale bar = 200pm.
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Figure 4.3.5.
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Figure 4.3.6.

Figures A and B: Sagittal histological sections through an accessory tendon passing through Kager’s fat pad.
(Masson’s Trichrome)

Figure A: Low power view of an accessory tendon (arrow) originating from the Achilles tendon (T) passing through the 

tip of Kager’s fat pad to attach to the periosteal fibrocartilage o f the calcaneus (C). Masson’s Trichrome. Scale bar = 

4mm.

Figure B: High power view of the attachment (arrow) o f the accessory tendon (T) to the periosteal fibrocartilage (PF) 

(highlighted in A). Note either side of the accessory tendon is a region of adipose tissue from the bursal-wedge of the fat 

pad (FP). C-calcaneus. Masson’s Trichrome. Scale bar = 1mm.

Figures C -  E: Sagittal histological sections illustrating the invasion of adipose tissue from the bursal-wedge of the 
fat pad into the deep surface of the Achilles tendon. (Masson’s Trichrome)

Figure C: Vascular invasion of the Achilles tendon (T) from the bursal-wedge of the fat pad (FP). Proximal to the 

reflection of the synovial membrane (arrow), blood vessels and loose connective tissue invade into the deep surface of the 

Achilles tendon (T). Scale bar = 500pm

Figure D: High power view of the region highlighted in C. Note the presence of irregularly arranged fibrous strands 

(arrows) at the point where the fat pad invades into the tendon. Scale bar =200pm.

Figure E: Blood vessels (arrow) present in the tissue invading into the deep surface of the Achilles tendon (T). Scale bar 

= 300pm.
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Figure 4.3.7.

Figure A: Low power view of the Achilles tendon enthesis fibrocartilage (EF) in a toluidine blue stained section. Arrows 

indicate a number of blood vessels present within the fibrocartilage. Note the lighter blue stained fibrocartilage (dashed 

line) in the region where the blood vessels are present, while the surrounding fibrocartilage is considerably darker. C— 

calcaneus. Toluidine blue. Scale bar = 1000pm.

Figure B: The enthesis fibrocartilage o f the Achilles tendon insertion. Arrows indicate clusters ot fibrocartilage cells 

within the fibrocartilage. Masson’s Trichrome. Scale bar = 400pm.

Figure C: The insertional angle of the Achilles tendon enthesis organ. Note the presence of a large cluster of

fibrocartilage cells (arrow) and poor staining of the surrounding matrix. Masson's Trichrome. Scale bar = 400pm.

Figure D: The superior tuberosity of the calcaneus (C). A local absence of periosteal fibrocartilage was observed in this 

specimen; in its place were a number o f adipocytes and a small quantity of fibrous tissue (arrow). Masson’s trichrome. 

Scale bar = 500pm.

Figure E: Loose connective tissue surrounding the Achilles tendon containing a cluster ot mast cells (arrows). Dark 

staining and surrounding granular tissue suggests that these cells were degranulating. Toluidine blue. Scale bar = 200pm.
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Figure 4.3.8.
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BIOPSY SAMPLES OF KAGER’S FAT PAD TAKEN FROM PATIENTS WITH HAGLUND’S 

DEFORMITY WHO HAD SYMPTOMS OF RETROCALCANEAL BURSITIS.

(Haematoxylin & Eosin)

Figure A: A lymph nodule (LN) within a biopsy taken from Kager’s fat pad. Arrows indicate a closely associated 

capillary network. Scale bar =30pm.

Figure B: A lymph nodule (LN) in close association with the synovial membrane (SM) lining Kager’s fat pad. Scale bar 

= 30pm.

Figure C: A synovial covered (SM) protrusion of Kager's fat pad containing a large number of lymphocyte. Note the 

presence of numerous venules (arrows) within the protrusion of the fat pad. Scale bar = 30pm.
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Figure 4.3.9.
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3D RECONSTRUCTIONS COMPOSED FROM SERIAL MRI IMAGES OF THE ADULT 

HINDFOOT IN PLANTAR (PF) AND DORSIFLEXION (DF)

(Pink = calcaneus, = Kager’s fat pad, purple = Achilles tendon, blue = flexor hallucis longus)

Figure A: 3D view of the hindfoot in full (60°) plantarflexion (left) and 3° dorsiflexion (right). Note the way in which 

Kager's pad is compressed by flexor hallucis longus and how the bursal-wedge was compressed and protuded into the 

retrocalcaneal bursa in full plantar flexion.

Figure B: 3D image illustrating variations in shape of the tip o f the bursal wedge. One specimen (top) had a relatively 

uniform shape, while another (bottom) had a more irregular shape with lateral protrusions (arrows).

Figure C: 3D image of Kager’s pad in isolation. Note the regions compressed by flexor hallucis longus (downward 

arrow) and the superior tuberosity of the calcaneus (upward arrow) during plantarflexion (left), but not in dorsiflexion 

(right).

Figure D: 3D image of the Achilles tendon in plantar and dorsiflexion. Note the flexion of the tendon (arrows) which 

occurs during plantarflexion. Twisting of the tendon is also obvious.
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Figure 4.3.10.

2° of plantarflexion 32° o f p lantarflexion 52° of plantarflexion

MRI images (negatives) illustrating the change in shape (highlighted by red dotted lines) of the Achilles tendon through 

50° of plantarflexion. Note how concave the Achilles tendon becomes in plantar flexion (top). This concavity is 

subsequently reduced as the degree of flexion becomes smaller (middle and bottom). Scale bar = 3cm.
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Figure 4.3.11.

SURFACE ANATOMY OF THE HINDFOOT IN MAN

Figures A and B: Subject 1. With the foot in full plantarflexion (B), the Achilles tendon becomes flexed.

Figures C and D: Subject 2. With the foot in full plantarflexion (D), the Achilles tendon becomes flexed.

Figure E and F: During dorsiflexion (DF). the shape of the Achilles tendon was clearly visible (dashed lines), the tendon 

flares out dramatically at its insertion. During plantarflexion (PF) the Achilles tendon is less visible and the skin wrinkles 

where the tendon flexes (black arrow). White arrow indicates the fat pad which can be seen to bulge medially and 

laterally during plantarflexion.

-  1 0 4 -



Anatomy and Innervation o f  Kager’s fa t pad

Figure 4.3.12.
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Figure A: Histogram comparing the weight of Kager's fat pad between male and female dissecting room cadavers of 

‘normal' weight. Means ± Standard Deviation. No significant difference was observed (p>0.05). male - n=4; female - 

n=4

Figure B: Histogram comparing the weight o f Kager's fat pad between three different weight categories: ‘underweight’, 

‘normal’, and ‘overweight’ of dissecting room cadavers. Groups included both male and female subjects. Means ± 

Standard Deviation. No significant difference was observed (p>0.05). normal - n=8, overweight - n=3, underweight -

n=3.
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Figure 4.3.13.
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Figure A: Scattergram demonstrating a positive correlation between height and foot length in 14 dissecting room 

cadavers of both sexes.

Figure B: Scattergram demonstrating a weak positive correlation between the height and weight of Kager’s fat pad in 14 

dissecting room cadavers of both sexes.

Figure C: Scattergram demonstrating a weak positive correlation between foot length and weight of Kager’s fat pad in 

14 dissecting room cadavers of both sexes.

Figure D: Scattergram demonstrating a weak positive correlation between foot length and volume of Kager’s fat pad in 

14 dissecting room cadavers.

Figure E: Scattergram demonstrating a weak positive correlation between height and volume of Kager’s fat pad in 14 
dissecting room cadavers.

Figure F: Scattergram demonstrating a strong positive correlation between weight and volume of Kager’s fat pad in 14 

dissecting room cadavers.
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Figure 4.3.14.

FP

KAGER’S FAT PAD LABELLED WITH PROTEIN GENE PRODUCT 9.5 (PGP 9.5) 

The primary antibody was visualised with either an FITC conjugated secondary antibody or

avidin/biotin complex and NovaRED.

Figure A: An obliquely-sectioned nerve bundle (N) in the bursal-wedge of Kager’s fat pad. Such nerve bundles 
contained numerous axons (arrow) which labelled positively for PGP9.5. The nerve bundle was associated with two 
blood vessels, a venule (V) and arteriole (A) in a neurovascular bundle. FITC. Scale bar = 50pm.
Figure B: A nerve bundle, cut longitudinally within the bursal wedge of Kager’s fat pad (FP). Individual axons (arrow) 
can clearly be seen w ithin the nerve. Note the wavy appearance of these axons. NovaRED. Scale bar = 100pm.
Figure C: An individual nerve fibre (arrow) within bursal wedge of Kager’s fat pad (FP). The nerve fibre passes 
between the walls of adjacent adipocytes. FITC. Scale bar = 50pm.
Figure D: An arteriole cut in cross section, in the bursal wedge of Kager’s fat pad. The arrow indicates a small nerve 
fibre immunoreactive to PGP 9.5 within the tunica media of the vessel wall. Note the autofluorescence of the blood 
vessel wall. L -  Lumen. FITC. Scale bar = 50pm.

Figure E: A putative encapsulated nerve ending. A nerve fibre, immunoreactive to PGP 9.5, surrounded by several 
layers of connective tissue within the bursal wedge of Kager’s fat pad (FP). FITC. Scale bar = 50pm.
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Figure 4.3.15.
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KAGER’S FAT PAD LABELLED WITH ANTI-NEUROFILAMENT 200 (NF200) 

Visualised with either, an FITC conjugated secondary antibody (A,C, and E), or avidin/biotin complex

and NovaRED (Figures B,D, and F).

Figure A: A large nerve bundle (N) cut obliquely in the bursal-wedge of the fat pad. Individual axons can be clearly 
identified (arrow) within the bundle labelled positively for NF200. FITC. Scale bar = 50pm.
Figure B: A nerve fibre (arrow) immunoreactive to NF200 passing between the walls of adjacent adipocytes (AP) in the 
bursal-wedge of Kager’s fat pad. Note that one end (blue arrow) the nerve appears to branch. NovaRED. Scale bar = 
100pm.

Figure C: A fine nerve fibre (arrows), immunoreactive to NF200, weaving between the cell membranes of neighbouring 
adipocytes (AP) within the bursal wedge of Kager’s pad. Note the fibre dips in and out of the plane of the section. FITC. 
Scale bar = 50pm.

Figure D: A small bundle of nerves fibres (arrow) immunoreactive to NF200 running with a capillaiy (*) between 
adipocytes in the bursal wedge of Kager’s fat pad. NovaRED. Scale bar = 100pm.
Figure E: A nerve fibre (arrow) in close association with an arteriole (A) in the bursal wedge of Kager’s fat pad (FP). 
FITC. Scale bar = 50pm.

Figure F: A single nerve fibre (arrow) immunoreactive to NF200 running in association with fibrous strands within the 
bursal wedge of Kager’s fat pad. Nova RED. Scale bar = 200pm.
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KAGER’S FAT PAD LABELLED WITH ANTI-SUBSTANCE P 

Visualised with either, and FITC conjugated secondary antibody (Fig A), or avidin/biotin complex and

DAB (Fig B).

Figure A: Cross section through a nerve bundle in Kager’s fat pad. Note that only a few of the fibres w ithin the bundle 
contain substance P (arrows). FITC. Scale bar = 50pm.

Figure B: A fine nerve fibre immunoreactive to substance P (arrow) weaving between the walls of adipoc\les (AP) in 
the bursal-wedge of Kager’s fat pad. DAB. Scale bar = 100pm.

KAGER’S FAT PAD LABELLED WITH ANTI-CGRP 

Visualised with an FITC conjugated secondary antibody (Fig C), or avidin/biotin complex and DAB

(Fig D).

Figure C: A small nerve fibre immunoreactive to CGRP in the tunica adventitia of an arteriole (A) within the bursal- 

wedge of Kager’s fat pad (FP). Note the autoflurescence of the blood vessel wall. FITC. Scale bar = 50pm.
Figure D: A small nerve fibre (arrow) immunoreactive to CGRP. weaving between neighbouring adipocytes in the 

bursal-wedge of Kager’s fat pad. DAB. Scale bar = 100pm.

KAGER’S FAT PAD - NEGATIVE CONTROL SECTIONS 

Phostphate buffer or rabbit immunoglobulins were applied to the section in place of the primary

antibody.

Figure E: The bursal-wedge of Kager’s fat pad. Phosphate buffer was applied to the section in place of the primary 

antibody and an FITC conjugated secondary antibody was applied subsequently. No non-specific labelling of the 
secondary antibody occurred. FP - fat pad. FITC. Scale bar =50pm.

Figure F: A small blood vessel in the bursal wedge of Kager’s fat pad. indicating that there was no non-specific binding 

of the secondary antibody to the specimen when phosphate buffer were applied in place of the primary antibody. Arrow 

indicates nuclei of endothelial cells in the small capillary. FP - fat pad. NovaRED. Scale bar = 100pm 

Figure G: A blood vessel in the bursal wedge of Kager’s fat pad, indicating that there was no non-specific binding of the 
primary antibody to the specimen when rabbit immunoglobulins were applied in place of the primary antibody. FP - fat 
pad. NovaRED. Scale bar = 100pm.
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Figure 4.3.17.

" U -

Stills taken from a schematic 3D movie created by Dr. Ieuan Nicholas (Welsh e-Science Centre. Cardiff University) from 

serial histological sections provided by Hannah Shaw. Note the way in which the nerve fibres (red), interweave between 

neighbouring adipocytes (purple) in all directions (XYZ).
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4.4. DISCUSSION

The results show that a number of anatomical variations and histopathological features 

associated with Kager’s fat pad were present in elderly cadaveric specimens. The 

preliminary anthropometric studies suggested that the weight of a subject did not have a 

significant effect on the size of Kager’s fat pad. However, the height and foot length of an 

individual do appear to be correlated with the size and volume of the fat pad. 

Immunohistochemical studies showed that the bursal-wedge of Kager’s fat pad contains 

nerve fibres carrying both mechanoreceptive and nociceptive information to the CNS. 

Biopsy samples from the fat pad of patients with Haglund’s deformity and symptoms of 

retrocalcaneal bursitis illustrated the presence of lymphocyte infiltrations into the synovial 

membrane and the formation of lymph nodules within the fat itself.

There was a marked variation in the shape of the fat pad tip between cadavers. The 

feathered appearance that was evident in a number of cases may indicate the presence of 

synovial villi. These are considered a normal characteristic of the reflected synovium 

(Canoso, 1981). The villi serve to increase the surface area of the membrane and therefore 

augment the amount of hyaluronan secreted into the bursal cavity to facilitate movement 

(Myers and Christine, 1983). A high density of large synovial villi is frequently associated 

with pathology in older individuals (Castelli et al., 1985; Pasquali-Ronchetti et al., 1992). 

In other cadavers, the tip of the fat pad was divided into distinct protrustions by clefts. This 

arrangement may enhance motility of the tip of the fat pad during foot movements 

(Gallagher et al., 2005). It is possible that cleft formation may reflect the influence of 

external factors such as footwear, lifestyle, amount or type of exercise undertaken during 

the lifetime of the individual etc. Unfortunatly, such information was unavailable and as a 

result these parameters cannot be assessed and therefore no conclusions can be drawn.

MRI images and 3D reconstructions support the observations made by Theobald et al., 

(2006) and Canoso et al., (1988) that the fat pad moves in and out of the retrocalcaneal 

bursa during plantar- and dorsiflexion. Canoso et al., (1988) described the fat pad as acting 

as a variable plunger -  and Theobald et al., (2006) suggested that the contraction of FHL 

leads to compression of the associated region of fat, and in turn the movement of the bursal 

wedge into the retrocalcaneal bursa. Movement of the fat pad may minimise pressure 

changes in the bursa which would otherwise occur in response to a change in the insertional
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angle during foot movement. The observations in the present study suggest an additional 

function for the fat pad. The current MRI and surface anatomy images clearly show that 

the Achilles tendon maintains a smooth convexity during plantarflexion which is facilitated 

by a strong supporting deep fascia, located superficial to the tendon sheath. The fascia is 

particularly thick over the posterior part of the ankle and fuses with the fascial sheath close 

to the calcaneus. Thus, the fascia effectively acts as a retinaculum for the tendon 

(Benjamin et al., 2007a) and therefore reduces the change in the insertional angle. The 

retinaculum therefore provides another protective measure against wear and tear at the 

insertion site, and should thus also be considered to be part of the Achilles tendon enthesis 

organ. The fat pad anterior to the tendon adjacent to the ‘fascial retinaculum’ prevents the 

Achilles tendon from kinking when the foot is plantarflexed by filling the space anterior to 

the tendon with a deformable substance -  i.e. adipose tissue. It is also of interest that the 

point at which the tendon bends is the narrowest part of the tendon and the region where 

most tendon failures occur (Campbell and Lawton, 1993; Reinherz et al., 1991). Therefore, 

repetitive flexion of the tendon at this site may lead to microdamage of the collagen fibres - 

resulting in tendon failure. However, a number of other factors also need to be considered 

as possible contributory factors to tendon failure at this point, including tendon 

vascularisation or lack of it (as reviewed by - Theobald et al., 2005).

The histological structure of Kager’s fat pad is similar to that of the rat (as described in 

chapter 3). The adipocytes have a distinctive honeycomb appearance with a number of 

fibrous strands passing through it. These fibres are principally collagenous and most likely 

provide stability to the pad during its movement (Theobald et al., 2006) as it is 

hypothesised to do so in the calcaneal fat pad (Jahss et al., 1992; Ker, 1999; Kimani, 1984). 

However, elastic fibres were also observed within the fat pad associated with these fibrous 

strands. These may modulate the ability of the tissue to be deformed when it is subjected 

to compressive stresses and allowing it to return to its normal resting state (Kimani, 1984). 

In this way, the fat pad acts as a shock absorber (Jahss et al., 1992), dissipating stress away 

from the tendon-bone interface (Benjamin and Ralphs, 1998; Benjamin et al., 2004b), and 

protecting the highly vascularised structure during foot movement (Theobald et al., 2006). 

However, it also prevents the tissue from being trapped between the articulating surfaces 

(Davies and White, 1961).
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In a number of elderly cadaveric specimens, the tip of the fat pad which protrudes into the 

retrocalcaneal bursa, is markedly fibrous. This may be a consequence of repeated cyclic 

loading and shear forces experienced by the pad during foot movement (Egerbacher et al., 

2005), correlating with the role of stress dissipation of the fat pad (Benjamin et al., 2004b). 

There was a large capillary bed throughout the tip of the fat pad; this is a normal 

characteristic of adipose tissue. A principle function of adipose tissue is the storage and 

mobilisation of the substrates required for energy production. Fat is therefore highly 

vascularised in order to provide and remove substrates from the region (Gersh and Still, 

1945; Stevens and Lowe, 2001). However, capillary presence at the tip of the fat pad may 

be considered unusual because the cyclic compression of this region could occlude the 

capillaries. Furthermore, it seems unlikely that Kager’s fat pad has a significant metabolic 

function, like other structural fat pads. However, Rupnick et al., (2002) suggest that 

vascularisation may regulate the mass of adipose tissue by means of various anti- or 

angiogenic factors. Therefore it would be particularly damaging if the fat pad was deprived 

of blood which may lead to an alteration in the amount of adipose tissue present in Kager’s 

triangle. This in turn could increase wear and tear to the enthesis, as has been illustrated in 

the knee (Stack and Chasten, 1949).

The anthropometric study indicates that Kager’s fat pad is a structural pad which is not 

significantly affected by the weight of the individual. These results are paralleled by those 

of Davies and White (1961) who demonstrated that there is no correlation between the 

amount of subcutaneous adipose tissue and the weight of the infrapatellar (Hoffa’s) fat pad. 

The correlation between the weight/volume of Kager’s fat and the height/foot length of the 

individual suggests that the size of Kager’s fat pad is influenced by skeletal size rather than 

body weight (Davies and White, 1961). However, in cases of extreme emaciation 

following depletion of all other adipose tissue deposits, it has been shown that both Kager’s 

and Hoffa’s fat pad can undergo significant changes in size and structure (Davies and 

White, 1961). No such observations were made here because of the absence of extremely 

emaciated individuals in the current study. Because the cadavers used were primarily for 

medical and dental student dissections, there were several limitations to this study which 

must be acknowledged. The study could only be carried out following dissection by the 

students, and therefore only estimations of the amount of abdominal adipose tissue could 

be made, and the number of cadavers available in this study was also reduced as the fat pad 

was often damaged or even missing. This also prevented comparison between the left and
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right fat pads. Furthermore, it was not possible to weigh the cadavers prior to or following 

embalming.

In addition to the highly vascularised nature of the fat pad, immunohistochemistry 

illustrated that the fat pad is innervated by sensory nerve fibres carrying mechanoreceptive 

and nociceptive information to the CNS. Interestingly, the fibres present within the fat pad 

formed a network of neural elements which interweaved between individual fat cells. 

Nerve fibres were also seen to accompany the capillary network which also weaved 

between the adipocytes. This interweaving of blood vessels and nerve fibres within the 

clefts between adipocytes has also been visualised with the use of SEM in other 

mammalian adipose tissues (Motta, 1975). Some of these fibres were immunoreactive to 

NF200 which is known to be present in mechanoreceptive nerve fibres (Perry et al., 1991). 

It is therefore suggested that Kager’s fat pad may play a role in collating proprioceptive 

information when the fat pad is compressed during ankle movement. The close association 

between nerve fibres and adipocytes noted here suggests that when the pad is compressed, 

this may deform nerve fibre between the adipocytes. The fat pad itself may therefore act as 

a giant mechanoreceptor. It was also demonstrated that a small number of nerve fibres 

within the fat pad contained the neuropeptides SP and CGRP. These are sensory 

neuropeptides known to be present in a population of nerve fibres conveying nociceptive 

information to the CNS (Hanesch et al., 1991). It is therefore possible that Kager’s fat pad 

may be a source of pain in Achilles associated tendinopathies and enthesopathies. Of 

particular interest is retrocalcaneal swelling which leads to well known rheumatological 

sign - known as Bywaters’ sign - in which the bursal wedge of the fat pad does not protrude 

into the bursa during plantarflexion and the bursa therefore does not become radiolucent as 

it would if it were filled with adipose tissue. The fat pad therefore undergoes a greater 

degree of compression compared to normal conditions (Canoso, 1998). This may therefore 

lead to the stimulation of these nociceptive nerve fibres in the bursal wedge of the fat pad, 

causing pain. This is one of the most likely explanations of where pain comes from in 

bursal swelling considering the bursal sac itself is not known to be innervated (Canoso, 

1998). Kager’s fat pad may therefore be comparable to the infrapatellar (Hoffa’s) fat pad. 

Several studies have looked at the innervation of Hoffa’s pad and it has been suggested that 

the pain associated with jumper’s knee is caused by stimulation of nociceptors within the 

fat pad (Sanchis-Alfonso and Alcacer-Garcia, 2001). Furthermore, biopsies from the fat 

pad of patients with Haglund’s deformity and symptoms of retrocalcaneal bursitis
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contained a large number of lymphocytes. This indicates that the fat pad can become 

inflamed without the occurrence of spondyloarthropathies, and may be the source of pain in 

mechanically-asssociated retrocalcaneal bursitis.

A number of histopathological changes associated with Kager’s fat pad were identified in 

the cadvaeric specimens examined. In several specimens, it appears that movement of the 

fat pad may have been prevented by adhesions crossing the retrocalcaneal bursa, and a 

small accessory tendon passing through the fat pad may also have had a significant effect 

on movement of the fat pad. Unfortunately however, the medical histories of cadavers 

were unavailable and it is therefore not possible to establish whether or not the 

histopathologies were symptomatic.

Of particular interest was the invasion of tissue containing blood vessels from Kager’s fat 

pad into the deep surface of the Achilles tendon. In a number of cadavers, these blood 

vessels could be seen to pass into the enthesis fibrocartilage at the tendon attachment. In 

this region a decrease in the strength of toluidine blue staining was observed around the 

invading vessels, indicating a lower content of sulphated glycosaminoglycans. As 

described in chapter 3, it is believed that the high level of CS within the fibrocartilage 

prevents in-growth of endothelial cells and nerve fibres (Johnson et al., 2002; Johnson et 

al., 2005; Snow and Letoumeau, 1992). However, as seen in the intervertebral disc, 

degeneration of the fibrocartilage lowers the concentration of CS and may therefore allow 

the in-growth of blood vessels and nerve fibres causing pain (Johnson et al., 2002; Johnson 

et al., 2005). In the light of these observations, it is interesting to note that colour Doppler 

ultrasonography, has recently demonstrated a similar neovascular invasion into the deep 

surface of the painful Achilles tendon. It is suggested here that vascular invasion followed 

by the in-growth of nerve fibres may cause the pain associated with tendon pathology and 

no invasion was identified in the normal tendon (Alfredson et al., 2003). It may therefore 

be possible that vasculo-neural in-growth into the enthesis fibrocartilage may cause the 

pain that in some patients is associated with enthesopathies. More interestingly, are the 

recent studies which have demonstrated that the injection of sclerosing agents, into the 

“soft tissue”- now known to be Kager’s or Hoffa’s fat pad - on the ventral side of the 

tendon which target neovascular formation. This treatment has been used effectively to 

reduce pain associated with patellar and Achilles tendinopathies (Alfredson and Ohberg, 

2005; Ohberg and Alfredson, 2002), and may therefore prove effective in treating
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enthesopathies (Zeisig et al., 2006a; b). However, more studies are required especially to 

identify any detrimental effects this may have on the functional properties of the fat pad 

itself. More recently an even more radical approach has been used in a pilot study to treat 

jumper’s knee by arthroscopically shaving away the soft tissues on the dorsal surface of the 

tendon (Willberg et al., 2007).

It can therefore be concluded that the function of Kager’s fat pad is primarily structural, 

and that the size of the fat pad is determined mainly by skeletal size rather that weight of 

the individual. The striking innervation Kager’s fat pad in man, suggests that this structure 

may also have a proprioceptive role, in monitoring movement of the tendon relative to the 

bone during locomotion. Furthermore, the presence of nociceptive fibres suggests that it 

may also be a source of pain in hindfoot pathology. Inflammation of the fat pad in patients 

with retrocalcaneal bursitis supports this hypothesis.
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 Chapter 5

5. ULTRASTRUCTURE OF THE RETROMALLEOLAR FAT PAD

IN THE RAT

5.1. INTRODUCTION
A complex relationship between adipocytes and nerve fibres has been demonstrated within 

the retromalleolar fat pad in the rat and the equivalent fat pad (Kager’s) in Man (See 

chapters 3 and 4). However, the extent of this relationship can only be superficially 

demonstrated by immunohistochemistry (Fig 5.1.1.). It is the aim of this study to describe 

the ultrastructure of the retromalleolar fat pad and the relationship between adipocytes and 

nerve fibres within the pad and use immunogold labelling to identify fibres which contain 

the neuropeptide CGRP. One of the nerves supplying the retromalleolar fat pad (the 

peroneal anastomotic branch of the sural nerve) was also studied by transmission electron 

microscopy (TEM), in order to determine whether there were any age-related changes in its 

structure.

Figure 5.1.1: Left - A nerve fibre immunoreactive to neurofilament 200 (arrow) within Kager’s fat pad in 

man. Right - A nerve fibre immunoreactive to calcitonin gene related peptide (arrow) within the 

retromalleolar fat pad in the rat. Note the way in which the nerve branches between adjacent fat cells (FC).

Brief Review
Adipose Tissue

Adipocytes are present in the majority of normal, healthy connective tissues, but in some 

regions the cells are numerous enough to form defined adipose tissue deposits such as those 

located at entheses. These fatty tissue accumulations are often considered to be a sign of 

degeneration (Jozsa and Kannus, 1997), but as demonstrated in chapters 3 and 6 that 

adipose tissue at entheses may also have important sensory and immunological functions 

under ‘normal’ conditions.
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Classically, there are considered to be two forms of adipose tissue, white (WAT) and 

brown (BAT). However, it has recently been suggested that adipose tissues in the rat is not 

necessarily formed solely by brown or white adipocytes, and that the population of brown 

adipocytes within a given tissue can increase in response to different stimuli (Cousin et al., 

1992). This indicates that there is a continuum between WAT and BAT. Brown fat cells 

are characterised histologically by their polygonal shape, abundance of large mitochondria 

and by the presence of lipid that is stored in multiple vacuoles (multilocular) within their 

relatively abundant granular cytoplasm (Napolitano and Fawcett, 1958) (Fig 5.1.2). Brown 

adipocytes are physiologically distinct from white adipocytes, in that they have the ability 

to generate heat from lipids without producing adenosine triphosphate (ATP) 

(Argyropoulos and Harper, 2002) for a review). This ability is created by a protein 

encoded by one of the genes distinct to brown adipocytes, called uncoupling protein 1 

(Matthias et al., 2000).

Figure 5.1.2: Schematic representation o f a white (left) and a brown (right) adipocyte. -  nucleus, 

mitochondria, white -  lipid droplets

Histologically, the white fat cell is generally more easily recognised by its large, more 

spherical shape. It contains a single globule of lipid (i.e. it is unilocular) within a thin 

envelope of cytoplasm and the fat displaces the nucleus to one side of the cell. White 

adipocytes are therefore often referred to having a signet-ring shaped morphology (Fig 

5.1.2.). The principle function of WAT is to store fatty acids in the form of triacylglycerols 

for utilisation in time of restricted food intake, although it is also known to have endocrine 

functions and to have the ability to metabolise glucose (Trayhum and Beattie, 2001). 

However, different cell populations can have different physiological characteristics. One 

of the greatest differences is between visceral adipose tissue and structural fat deposits. 

Structural fat deposits do not undergo lipolysis as easily as visceral deposits, which can be
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stimulated to release lipid by a number of hormones (Amer, 1998; Ramsey, 1959). Little is 

known about the mechanisms that control adipocyte differentiation in these different 

deposits as the majority of studies have been carried out on fibroblasts or pre-adipocytes in 

vitro (as reviewed by Smas and Sul, (1995).

Napolitano (1963) published the first ultrastructural study of adipocyte differentiation in 

the rat and demonstrated the similarities between presumptive adipocytes and fibroblasts, 

along with the process of accumulation of lipid within the cell. Further studies by (Slavin, 

1979), who used primary aldehyde fixation (3% gluteraldehyde and 1% paraformaldehyde) 

confirmed this similarity. He also reported that the subcutaneous and inguinal fat pads 

developed at approximately 17 days prenatally, while the other fat pads studied, including 

the epididymal, mesometrial and mesenteric fad pads, did not begin to differentiate until 

birth. This is reminiscent of the retromalleolar fat pad in the rat, which does not undergo 

differentiation until after birth as documented elsewhere in this thesis (see Chapter 3). In 

contrast to the study by Napolitano (1963), Slavin (1979) showed the presence of 

microtubules, microfilaments, coated vesicles, Golgi zones, and free ribosomes within the 

cytoplasm of preadipocytes. It is suggested that this difference is due to the use of osmium 

tetroxide for fixation, which in the absence of glutaraldehyde is known to cause protein 

removal (Slavin, 1979). Slavin (1979) reported that lipid begins to be deposited at one pole 

of the cell within the spindle-like preadipocytes, which subsequently round up and continue 

to accumulate lipid. Eventually, the cell takes on the characteristic mature adipocyte 

morphology, as described above. It is now understood that adipocytes derive from 

multipotent mesenchymal stem cells in a two-phase process. The first stage, known as 

determination, takes place when pluripotent stem cells commit to an adipocyte lineage and 

become preadipocytes. Preadipocytes are morphologically identical to their precursors, 

which have the ability to differentiate into other cell types (fibroblasts, osteoblasts etc.), 

while preadipocytes do not. Following determination, terminal differentiation takes place 

in which preadipocytes mature and attain the cytoplasmic machinery required for lipid 

synthesis and transport, and acquire the characteristics typical of a mature adipocyte 

(Gregoire et al., 1998 - for a review). It has also been observed that multipotent 

mesenchymal stem cells remain within adult fat pads and have attracted interest as a source 

of multipotent cells for therapeutic use (Tholpady et al., 2003). It is also interesting to note 

that preadipocytes have demonstrated the ability to differentiate into macrophage-like cells 

both in vitro, when adipocyte precursor cells are grown in contact with peritoneal
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macrophages; and in vivo, when a preadipocyte cell line is injected into the peritoneal 

cavity of nude mice (Charriere et al., 2003). Despite this generally accepted view, more 

recent studies have identified the plasticity of mature rat and human adipocytes under 

various conditions to acquire characteristics of the opposite form of adipocyte (Loncar, 

1991).

Innervation o f Adipose Tissue

Although it has long been understood that WAT is innervated by sympathetic nerves, and 

that these are believed to play an important role in inhibiting growth of fat pads through 

stimulation of lipolysis, the sensory innervation of adipose tissue deposits has raised less 

interest and its functional significance is unclear. The presence of sensory nerves in WAT 

was first identified by Fredholm in 1985 but was dismissed as originating from the nerves 

of adjacent muscles (Fishman and Dark, 1987). Fishman and Dark (1987) were the first to 

definitively demonstrate the presence of sensory nerve fibres in adipose tissue with the use 

of “true blue”. This is a sensitive fluorescent neuroanatomical tracer which, in its 

crystalline form, was implanted into the inguinal and dorsal subcutaneous fat pads. The 

dorsal root ganglia (DRG) from relevant levels were removed, and fluorescence 

microscopy demonstrated labelled cell bodies within them. This indicated that sensory 

neural processes are present in the fat pads tested (Fishman and Dark, 1987). The function 

of these nerves has been debated in visceral fat pads of the rat (Bartness and Bamshad, 

1998; Bartness et al., 2005). Studies of the consequence of injecting the hormone leptin 

(involved in the regulation of metabolic rates) into the epididymal fat pad showed increased 

firing rates of sensory nerves from the pad with a simultaneous increase in the activity of 

sympathetic nerves. These observations suggest that the sensory nerves in the pad possess 

leptin receptors which, when activated, may send afferent signals to the CNS and in turn 

stimulate sympathetic outflow to the fat pad, thus increasing lipolysis (Niijima, 1998). The 

sensory nerves innervating WAT deposits may therefore convey information on adiposity 

levels to the brain (Bartness and Bamshad, 1998; Shi and Bartness, 2005; Shi et al., 2005) 

and may control lipolysis, via a feedback loop (Bartness et al., 2005). However, as 

described above, the physiology of visceral and structural adipose tissue deposits differ 

(Amer, 1998) and the majority of studies have been carried out on visceral adipose tissue 

deposits in the rat (Bartness and Bamshad, 1998; Bartness et al., 2005). The most 

frequently studied structural fat pad is that of the heel pad in man, which has attracted 

interest due to the occurrence of ulceration in patients with diabetes (Kao et al., 1999).
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These studies suggest a link between peripheral neuropathy (primarily of autonomic but 

also sensory nerves) and fat pad atrophy leading to ulceration, indicating that the nervous 

system may also play a role in controlling lipolysis in structural fat pads. The 

mechanosensory role of these fibres in WAT has not yet been fully described, although 

neuropathy of the heel pad is associated with loss of sensory perception (Birke et al., 2000; 

Unger, 2004), indicating that these fibres may also play mechanosensory role.

Effect o f Ageing on Peripheral Nerves

Ageing is known to affect both the structure and function of the central and peripheral 

nervous systems, resulting in a various neurologic diseases. In the CNS, ageing can lead to 

a decrease in central processing time and a decline in the effectiveness of the auditory and 

visual systems. In the PNS, disorders of movement are particularly common causing gait 

and postural abnormalities, as well as rigidity and a general state of flexion (as reviewed by 

- Verdu et al., 2000). It is reported that structural and biomechanical changes occur in the 

peripheral nerves of aged specimens and are believed to be the cause of impaired nerve 

function (Verdu et al., 2000). In the mouse, studies demonstrate marked fibre loss 

involving a decrease in the density of unmyelinated fibres to a greater degree than 

myelinated fibres. Where myelinated fibres are lost with ageing, there is a preferential loss 

of the large myelinated fibres over the smaller fibres. The morphology of myelinated fibres 

are also affected by age; myelinated fibres decrease in size and circularity, and a marked 

decrease in the thickness, while an increase in the frequency of abnormalities of the myelin 

sheath are observed. Other non-neuronal cells frequently identified in large peripheral 

nerves also undergo changes with age, including an increase in the number of mast cells 

and macrophages in the endoneurium (Ceballos et al., 1999).
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5.2. MATERIALS AND METHODS

5.2.1. Dissection Procedure

White male Wistar rats aged 4 and 24 months (3 rats at each age) were obtained from 

accredited commercial suppliers and maintained up to 24 months of age Cardiff University, 

then killed with an overdose of CO2 . An incision was made along the medial surface of the 

foot and ankle to expose the fat pad which was gently reflected out of Kager’s triangle to 

expose the nerve entering the fat on the lateral side of the foot (see figure 5.2.1.1). The fat 

pad and the nerve were then separated, cut into 5mm2 blocks and pinned onto Sylgard with 

fly-pins to ensure maximum penetration of the fixative and prevent tissue deformation 

during fixation, respectively.

Figure 5.2.1.1: The retromalleolar fat pad (FP) reflected out of Kager’s triangle (black arrow) to illustrate the 

nerve branch (white arrow -  peroneal anastomotic branch o f the sural nerve) which passes through the pad 

supplying it. Note the tip of the fat pad (red arrow) contains a large number of blood vessels which are 

visible. 24 month rat.

5.2.2. Fixation and Embedding

Following dissection, tissue was fixed in 1% paraformaldehyde 2% gluteraldehyde in 0.1 

M PB. pH 7.4 (see appendix I) for a maximum of 2 hours. After washing in 0.1 M PB, then 

distilled (d) H2 O (3 times for 5 minutes), the tissue was transferred to 1% aqueous osmium 

tetroxide (OSO4 ; Agar Scientific, Stansted, UK) for 20 minutes. The tissue was washed 

again in d ^ O  (3 times for 5 minutes) to remove any traces of OsC>4 and bulk stained in 2% 

uranyl acetate for 30 minutes. Following further washing steps the tissue was dehydrated 

in graded alcohols (50%, 70%, 90%) for 15 minutes each, and two changes of 100% for 30 

minutes each (due to the high level of lipid present in the tissues being processed, these 

steps were lengthened from normal procedure times). The samples were washed again and
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transferred to propylene oxide (Fisher Scientific, Loughborough, UK), two changes for 5 

minutes each, and subsequently placed in a 2:1 (propylene oxide : Durcupan®; Sigma- 

Aldrich [Fluka-Chemika], Gillingham, UK) mixture (see appendix) for 1 hour, then a 1:1 

mixture for 1 hour, and subsequently a 1:2 mixture for 1 hour. Finally the tissue was 

placed in Durcupan® alone for 2 hours at 37°C and then embedded in fresh Durcupan® 

and cured at 60°C for 20 hours.

Spinal cord sections (prepared by Dr Alan Watson), used as positive controls, were fixed as 

above, then cut to a thickness of 60-100pm on a vibratome and washed in 0.1M PB. 

Sections were prepared as above, although prior to curing sections were transferred to fresh 

resin for 90 minutes and flat-embedded between two sheets of acetate, and cured as above. 

To allow sectioning, the flat embedded sections were mounted on a blank resin stub using 

cyanoacrylate adhesive (super-glue).

5.2.3. Sectioning and Staining

Thick sections (1pm) were subsequently cut on a Reichert Ultracut E ultramicrotome 

(Reichert-Jung) using a glass knife, floated on a water bath and collected using a copper 

loop. The sections were then placed onto Histobond slides (RA Lamb Medical Supplies; 

Eastbourne, UK) and dried on a hot plate. Slides were then submerged in a solution of 

sodium ethoxide (see appendix I) to remove Durcupan® embedding resin. Sections were 

subsequently stained with toluidine blue containing 1% borax until they dried again on a 

hot plate, washed and mounted under DPX (RA Lamb Medical Supplies; Eastbourne, UK).

Silver or gold ultrathin (60-90nm) sections were cut on a Reichert Ultracut E 

ultramicrotome (Reichert-Jung) using a sapphire or diamond knife and floated on a water 

bath. Sections were collected on hexagonal, Pioloform-coated (see appendix I) nickel grids 

(Agar Scientific, Stansted, UK) and stored for subsequent immuolabelling and/or etching. 

Nerve sections obtained for counting purposes were collected onto 2mm slotted Pioloform- 

coated nickel grids (Agar Scientific, Stanstead, UK), to allow visualisation of the whole 

nerve.

Sections used to for axon counting and structural observations were stained using 2% 

aqueous uranyl acetate and Reynolds lead citrate (see appendix I). Following washing in
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dH20  the grids were dried overnight and examined with a Phillips 208 transmission 

electron microscope.

5.2.4. Morphometric A nalysis o f  Electron Micrographs

The nerve supplying the fat pad was obtained from one 4 month and one 24 month animal, 

fixed, sectioned and stained as described above. Only one animal per age was used in this 

study due to the degree of variation between the nerve branches supplying the 

retromalleolar fat pad, and the difficulty in dissecting the nerve from the aged rat owing to 

the increased fibrous nature of the region. It was not possible to ensure that the sections 

obtained were from exactly the same level in the nerve, therefore only descriptive statistics 

could be carried out on the data obtained. Furthermore, nerves do not branch identically in 

all animals and therefore, the anatomical variation between specimens makes it impossible 

to be sure of equivalence between animals. The limitations of these findings will be fully 

detailed in the discussion.

Five sections from each nerve were examined and 3 electron micrographs taken randomly 

from each section (see Fig 5.2.4.1) at a magnification of x2000. Following processing the 

number of myelinated and unmyelinated nerve fibres were counted in each plate. In all 

plates, the fibres or axons overlying the bottom and left hand margins of the plate were 

included, while those of the top and right hand margins of the plate were excluded.

Figure 5.2.4.1: Schematic representation o f a nerve used for nerve fibre counting. Image plates (red 

rectangles) of the nerve were taken randomly. The number of myelinated and unmyelinted nerve fibres were 

then counted on each plate.
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The number of axons from the three plates were added together and expressed in axons per 

mm2. The area of the entire nerve was also calculated and the total number of nerves in the 

axon estimated. This gave information of the density of nerve fibres which could then be 

compared between the two ages. From each plate, the area of 10 randomly selected 

myelinated axons and fibres (axon and myelin sheath) were calculated using Image J 1.37v 

(Rasband, 2006). The area of the myelin sheath could then be calculated and compared 

between the ages. A total of 150 myelinated axons were measured in the young and aged 

nerve. Values were compared with a Student’s T-test (un-paired) using Graphpad Prism 2.

5.2.5. Standard Immunogold Labelling

Sections from the nerve and fat pad were immunogold labelled for CGRP using a 

postembedding, immunogold method. Sections from the dorsal root of the spinal cord were 

used as a positive control. All processing stages were carried out on sheets of dental wax, 

to ensure defined liquid droplets. Grids were etched by being floated on droplets of 2% 

periodic acid (Sigma-Aldrich, Gillingham, UK) for 3 minutes, and then washed in distilled 

water 5 times for 1 minute each. Subsequently, grids were floated on droplets of saturated 

sodium metaperiodate (BDH; Poole, UK - 250mg/ml at 50°C) for 3 minutes and washed 

again as above. Blocking non-specific binding of the secondary antibody was carried out 

in droplets of 5% normal goat serum (Dako UK; Ely, Cambridgeshire, UK) in Tris buffer at 

pH 7.0 (TB - see appendix I) for 30 minutes, the grids were subsequently placed onto 

droplets of the primary rabbit anti-CGRP antibody (Biomol International, Exeter, UK) at a 

concentration of 1:100 in TB at pH 7.0 with 1% goat serum and 3.3mg/ml bovine serum 

albumin (BSA -  Sigma-Aldrich, Dorset, UK) for 2 hours at room temperature. Grids were 

then washed in TB at pH 7.0 (5 times for 4 minutes each), then in TB at pH 8.2 with 0.1% 

BSA (see appendix I) for 5 minutes. Grids were floated in the secondary antibody - lOnm 

gold-labelled goat anti-rabbit (British Biocell International, Cardiff, UK) used at a 1:30 

dilution in TB at pH 8.2 with 0.1% BSA for 1 hour. Five to eight washes for 4 minutes 

each were then carried out in TB, pH 7.0, and finally the grids were washed 3 times for 4 

minutes each in distilled water. The grids were then allowed to dry overnight, stained in 

2% uranyl acetate for 20 minutes, washed, placed in Reynolds lead citrate for 5 minutes 

and finally washed again. Grids were again dried overnight and observed under a Phillips 

208 electron microscope.
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5.2.6. Detergent Method o f  Immunogold labelling

This method is based on the Maxwell et al., (1995) method which in turn is modified from 

that of de Zeeuw et al., (1988). The technique uses detergents instead of chemical etching 

to allow the antibody to penetrate the resin, as chemical etching may affect the antigen 

sites. As above, all stages were carried out on dental wax sheets. Grids were rinsed in TB, 

pH 7.0 (containing 0.9% NaCl; and 0.1% Triton X-100; Sigma-Aldrich, Gilingham, UK) 3 

times for 5 minutes each, and then floated in the above solution also containing 5% normal 

goat serum (Dako UK, Ely, Cambridgeshire, UK) for 30 minutes. The grids were then 

incubated overnight in the primary antibody, rabbit anti-CGRP diluted to 1:75 in TB at pH 

7.0, also containing 0.3mg/ml BSA, in a humidified chamber. Following a series of washes 

in TB at pH 7.6, the grids were incubated in TB at pH 8.2 (containing 0.9%NaCl and 0.1% 

Triton X-100) for 30 minutes. Grids were floated in the secondary antibody - 10 nm or 5 

nm gold-labelled goat anti-rabbit (British Biocell Intematioal, Cardiff, UK) at 1:30 dilution 

in TB at pH 8.2 for 2 hours. Grids were again washed 3 times for 5 minutes each in TB at 

pH 8.2 and finally in dH20 (5 times for 5 minutes each). They were then allowed to dry 

overnight, stained, and observed as above.

5.2.7. Controls

PB controls were carried out for both methods, where the primary antibody was omitted (as 

described previously). This ensured that non-specific binding did not occur on the tissue.
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5.3. RESULTS

Semi-thin Sections

The Retromalleolar Fat Pad

The retromalleolar fat pad was made up of unilocular adipocytes (Fig 5.3.1.A) together 

with a small quantity of fibrous tissue (Fig 5.3.1.B and C). Each adipocyte contained a 

characteristic single lipid droplet which pushes the organelles and rest of the cytoplasm to 

the periphery of the cell, creating a very thin cytoplasmic envelope. The nucleus was also 

restricted to the edge of the cell and contained a darkly stained nucleolus (Fig 5.3.1.B). 

The cell membranes of neighbouring adipocytes appeared closely associated with each 

other, except when separated by fibrous strands (Fig 5.3.1.B). The size of these fibrous 

strands varied from thin slips which weaved between adjacent adipocytes to large bundles 

of collagenous matrix containing a number of fibroblasts (Fig 5.3.1.C and D). These 

fibroblasts stained darkly (Fig 5.3.1.D) with toluidine blue, were occasionally highly 

vacuolated and sent out elongated spine-like projections, which enveloped small regions of 

the ECM (Fig 5.3.1.C). A vast capillary network, passing between the closely associated 

adipocytes within the retromalleolar fat pad, was also observed. In addition to fibroblasts 

and adipocytes, other cell types were identified within the fat pad in toluidine blue-stained 

semi-thin sections. A number of these cells had large nuclei with dense chromatin 

concentrated around the periphery of the nucleus, and a pale staining cytoplasm containing 

a number of light blue stained granules/vesicles within the cytoplasm (Fig 5.3.1.E and F). 

In addition, mast cells containing obvious metachromatic granules were also present within 

the fat pad (Fig 5.3.1.F). Another unidentified cell type was also seen (infrequently) within 

the fat pad. These cells were large (25 pm in diameter), with large spherical nuclei 

containing a darkly stained nucleolus (Fig 5.3.1.F) and an agranular cytoplasm. No major 

differences were observed between the adipocytes or fibroblasts in the 4 or 24 month rat 

(not shown). However, differences were observed between the synovial membranes of the 

young and old rats (Fig 5.3.1.G and H). The synovial membrane lining the tip of the fat 

pad in the 4 month rat consists predominately of pale staining cells with large translucent 

vacuoles in their cytoplasm. The majority of the cells in the synovium appeared to have 

characteristics of both type A and B synoviocytes, it was not possible to definitively 

identify either type of cell (Fig 5.3.1.H). Deep to the cellular layer, was a thin fibrous sub

lining layer, containing small capillaries (Fig 5.3.1.G). A small number of mast cells were 

also present in close association with sub-lining layer of the synovial membrane (Fig
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5.3.1.G). The most marked difference observed between the 4 and 24 month rats, was an 

increase in the thickness of the fibrous sub-lining layer of the synovial membrane (Fig

5.3.1.G and H). In addition there appeared to be an increase in the number of fibroblast 

like cells in the synovium and its sub-lining layer (Fig 5.3. l.H). Mast cells were also 

present in the sub-lining layer in the aged rats (Fig 5.3.l.H).

The Nerve Branch Supplying the Retromalleolar Fat Pad

Semi-thin, toluidine-blue stained sections of the nerve branch supplying the retromalleolar 

fat pad in 4 and 24 month old rats. The myelinated axons in the aged rat were larger and 

accompanied by an increase in the amount of fibrous connective tissue of the endoneurium 

(Fig 5.3.2.A and B). There were also differences in the structure of the fibres themselves. 

In the nerves from young rats, axons were uniformly surrounded by thick, darkly-stained 

myelin sheaths (Fig 5.3.2.A). In contrast, the myelin sheaths in aged rat were often 

indented/infolded, irregular in shape and contained spherical myeloid bodies (Fig 5.3.2.B).

Transmission Electron Microscopy

The Retromalleolar Fat Pad

As described above, adipocytes within the retromalleolar fad pad contained a single lipid 

droplet within the centre of the cell; while the adipocyte nuclei and organelles were pushed 

to the periphery against the cell membrane. Adjacent adipocytes were closely associated 

with each other, although it was clear that each cell had its own thin basement membrane. 

In the small intercellular space (~300nm) between neighbouring adipocytes, were 

irregularly-arranged, collagen fibres (Fig 5.3.3.A and B).

Bundles of collagen fibres were also observed within the main body of the fat pad. Some 

of these fibres were cut in cross section while others were cut longitudinally in the same 

TEM section, indicating that the fibres run in a number of directions (Fig 5.4.3.C and D). 

At high magnification, the collagen fibres within the fibrous region appeared to vary in 

diameter (Fig 5.4.3.E). Fibroblasts within the fibrous region, as demonstrated in thick 

sections, sent out cytoplasmic projections which enveloped small bundles of collagen fibres 

(Fig 5.3.3.F). A number of mast cells were also present within the fat pad; they contained a 

large number of large electron-dense vesicles distributed throughout the cell cytoplasm (Fig

5.4.3.C and D). Putative monocytes were also identified. These cells had a characteristic, 

irregular multi-lobular nucleus and relatively condensed chromatin (Fig 5.4.4.A).
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A number of different cell types were identified within the synovial membrane lining the 

tip of the fat pad. A large number of such cells contained large electrolucent vacuoles, 

spanning up to 4pm in width (Fig 5.3.4.B). Others were smaller and contained both 

electrolucent and electron dense vesicles, or elongated irregular vacuoles. There was also 

small amount of extracellular matrix present between cells of the synovial membrane (Fig

5.3.4.B).

As described previously a large number of blood vessels and capillaries were present 

within the fat pad. This was also demonstrated with the use of TEM. Fig 5.3.4.C 

demonstrates a grazing section through a large, bifurcating blood-vessel within the fat pad. 

Although nerve fibres were difficult to find by TEM, nevertheless, they were occasionally 

identified within fat pad. The majority ran in small groups and were either thinly or non

myelinated (Fig 5.3.4.D). As demonstrated previously with the use of light microscopy 

immunhistochemistry, these fibres weaved between the cell membranes of closely- 

associated adipocytes (Figs 5.3.4.D-E). One of the most interesting observations was the 

finding of a single, thinly myelinated nerve fibre in the space between 3 neighbouring 

adipocytes (Fig 5.3.4.D). An array of collagen fibres surrounded this nerve. Some fibres 

were arranged concentrically, spiralling around the nerve, while others ran parallel to its 

longitudinal axis (Fig 5.3.4.F.).

The Nerve Supplying the Retromalleolar Fat Pad

The nerve branch supplying the retromalleolar fat pad (Fig 5.2.1) was also studied by TEM. 

The observations made ultrastructurally, confirmed those made with the use of semi-thin 

sections. The nerve contained both myelinated (Fig 5.3.5.A) and unmyelinated fibres (Fig

5.3.5.B). The former predominated, while unmyelinated nerve fibres (organised in groups) 

were distributed throughout the nerve (Fig 5.3.5.B). Schwann cells were seen in 

association with both myelinated and unmyelinated axons; although only one form of 

Schwann cell contributes to myelination of the nerve fibre. In myelinated nerve fibres, the 

Schwann cell was closely associated with a single axon and the cytoplasm wrapped 

concentrically around it, though there were some small indentations in the myelin sheath 

(Fig 5.3.5. A). By contrast, a number of unmyelinated axons were associated with a single 

Schwann cell; the axons were embedded irregularly within the Schwann cell cytoplasm 

which enveloped them completely (Fig 5.3.5.B).
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The fibres in the nerve from the aged (24 month) rat differed morphologically from those in 

the 4 month animal. The myelin sheaths in particular were different - they were relatively 

uniform in the younger animals, whereas those from aged rats demonstrated infolding -  i.e. 

where the sheath invaginated the axon, distorting its profile (Fig 5.3.5.C). In addition, oval 

structures composed of myelin were present within the nerve axon; which appeared to have 

budded off an indented part of the sheath (Fig 5.3.5.D). Double myelination of axons was 

also occasionally observed. Two or 3 concentric myelin sheaths, separated by 

unidentifiable material and degenerated myelin were occasionally noted (Fig 5.3.5.E). The 

axons of myelinated fibres also demonstrated age related changes. Axon shrinkage was 

particularly common - i.e. the axon becomes separated from the inner layer of the myelin 

sheath allowing the mesaxon to be seen (Fig 5.3.5.E). The axoplasm of these fibres also 

contained varying numbers of electro-lucent vacuoles, a sign of axon degeneration (Fig

5.3.5.E). Axons also contained small pieces of unidentified ‘debris’ and dense bodies of 

irregular size (Fig 5.3.5.D and E). Similar changes were occasionally observed in the 4 

month rat (not shown).

In contrast to the vast number of abnormalities identified in myelinated fibres, no 

pathological characteristics of unmyelinated fibres could be identified within the sections 

examined.

CGRP-immunogold Labelling of the Nerve Branch Supplying the Retromalleolar Fat 

Pad

Sections from the nerve branch were also studied for the presence of CGRP with the use of 

immunogold labelling. Because CGRP is only located within large granular vesicles which 

are sparsely located in unmyelinated axons, it proved particularly difficult to find CGRP 

positive vesicles. Furthermore, substance P was often present or co-localised within these 

granules; therefore several immunogold methods were used in an attempt to amplify 

labelling of CGRP positive vesicles.

Standard Immunogold Labelling Procedure

None of the sections labelled demonstrated the presence of gold particles located on 

granular vesicles within unmyelinated nerve fibres. This was also true for PBS negative 

control sections. Positive control sections, stained in parallel, did however demonstrate
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gold particles on granular vesicles within the superficial layers of the dorsal horn in the 

spinal cord.

Detergent Method

Some sections labelled for CGRP using the detergent method demonstrated a number of 

lOnm gold particles on dark electron-dense granular vesicles within unmyelinated nerve 

fibres in the peroneal anatostomotic branch of the sural nerve in both old and young 

specimens (Figs 5.3.6.A-D). These results were supported by positive controls from the 

dorsal horn of the spinal cord, illustrating CGRP labelling in vesicles in synaptic and 

axonal profiles of the superficial layers in the dorsal horn (Fig 5.3.6.E and F).

4.3.4. Morphometric Analysis of the Nerve Supplying the Retromalleolar Fat Pad

Profiles of myelinated and unmyelinated nerve fibres could easily be identified in both

young and aged animals. Representative sections are shown in Fig 5.3.7.A and B. A

quantitative analysis of the results demonstrated a significant decrease in the number of

both myelinated (p<0.001) and unmyelinated (p<0.05) nerve fibres in the aged (24 month)

rat (Fig 5.3.8.A and B). There was also a significant (p<0.0001) increase in the thickness

of the myelin sheath in the aged (24 month) rats when compared with young (4 month) rats

(Fig 5.3.8.C). Fig 5.3.9.D illustrates the changes in the area of the myelinated fibres (axon

and myelin sheaths) with the age of the animal. The number of fibres with an area <3Opm
2 .

increased with the age of the animal; fibres between 30 and 70pm decreased with age,
2

while those over 70pm increased with age.
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THE RETROMALLEOLAR FAT PAD -  TOLUIDINE BLUE STAINED, SEMI-THIN SECTIONS

Figure A: The structure of the retromalleolar fat pad in the 4 month rat. Note the close association between the 
cytoplasmic membranes of adjacent adipocytes (arrowheads). Lipid droplets (LD) occupy the majority of the adipocyte. 
Arrows indicate the presence of capillaries and venules within the fat pad. Scale bar = 100pm

Figure B: The peripherally placed, discoid nucleus of an adipocyte in the fat pad. Note the presence of a nucleolus 
(arrow) within the nucleus. LD -  Lipid droplet. 4 month rat. Scale bar -= 30pm

Figure C: A cell with fibroblastic characteristics in a fibrous region of the fat pad. Note the elongated, spindle-like 

processes (arrowheads) extending from the cell body (arrow ) surrounding bundles of collagen fibres. 4 month rat. Seale 
bar = 30pm.

Figure D: Arrows indicate 3 closely associated fibroblast like cells in the fibrous region of the fat pad. They possess 

spindle like processes (arrowheads), but also contain unstained vacuoles within their cytoplasm. 4 month rat. Scale bar 
= 30pm

Figure E: A large unidentifiable cell (arrow) within the fat pad. The nucleus is located centrally with a darkly stained 

nucleolus and pale staining cytoplasm. LD- lipid droplet. 4 month rat. Scale bar = 30pm

Figure F: Two cells within the fat pad which contain dark blue stained granules within their cytoplasm (arrows). The 

cells are in close association with capillaries or venules (*). These granules differed to those metachromatic granules 

present in mast cells (arrowhead). LD -  lipid droplet. 4 month rat. Scale bar = 30pm

Figure G and H: The synovial membrane in a 4 month (G) and 24 month (H) rat. Note the increased thickness of the 

sublining layer (SLL) of the synovial membrane in the aged rat. Mast cells (arrows) are present in close association w ith 
the sub-lining layer of the synovium at both ages. Arrowheads indicate synovial cells with vacuoles in the cvtoplasm. 
Scale bar = 30pm.
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FIGURES

Figure 5.3.1
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Figure 5.3.2.

ioow

THE NERVE SUPPLYING THE RETROMALLEOLAR FAT PAD -  

TOLUIDINE BLUE STAINED, SEMI-THIN SECTIONS

Figure A: Low power view of the nerve supplying the retromalleolar fat pad in the 4 month rat. Note the uniform size 
and shape of the individual fibres within the nerve. Scale bar = 100pm.
Figure B: Low power view of the nerve supplying the retromalleolar fat pad in the 24 month rat. Note the irregular size 
and shape of the fibres within the nerve; and the increased amount of connective tissue present between the fibres. Scale 

bar = 100pm
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Figure 5.3.3.
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THE RETROM ALLEOLAR FAT PAD -  ULTRATHIN SECTIONS

Figure A: The cell membranes (arrows) of 2 adjacent adipocytes are closely associated. The nucleus (N) of a cell is 

squashed in the cleft between the two adipocytes. Large lipid droplets (LD) fill the adipocyte pushing the cytoplasm to 

the peripheiy of the cell. 24 month rat. Scale bar = 1 pm.

Figure B: Higher power image of the two adjacent adipocytes in Fig A. Note the presence of collagen fibrils (C) running 

in different directions between the membranes (M) o f the adjacent adipocytes. Arrowheads indicate amorphous material 

covering the adipocytes. N -  nucleus, L -  lipid droplet. 24 month rat. Scale bar = 300nm

Figure C: A mast cell (arrow) in the fibrous region of the retromalleolar fat pad. Note the collagen bundles are cut both 

longitudinally (CL) and in cross section (CX) demonstrating that they run in a multitude of directions. 24 month rat. 

Scale bar = 3pm.

Figure D: High power view of the mast cell in Fig C. Note the presence of large darkly stained granules within the cell 

(arrows). The mast cell nucleus is not seen in this section. Note the longitudinally arranged collagen bundles adjacent to 

the cell (CL). N-Nucleus. 24 month rat. Scale bar = 1 pm

Figure E: A bundle of collagen fibrils (arrows) within in the retromalleolar fat pad. Note how the fibrils vary in size. 4 

month rat. Scale bar = 1 OOnm.

Figure F: A fibroblast in the fibrous region of the retromalleolar fat pad. Note the way in which the fibroblast cytoplasm 

(FC) envelops bundles of collagen fibrils (arrow). FN- Fibroblast nucleus. 4 month rat. Scale bar = 1pm
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Figure 5.3.4.

THE RETROM ALLEOLAR FAT PAD -  ULTRATHIN SECTIONS

Figure A: A putative monocyte within the retromalleolar fat pad. The cell has a bilobed nucleus (N) with euchromatin 

concentrated around the periphery of the nucleus and no nucleolus. The cytoplasm (C) contains a number of granules 

including electron dense (arrow) and electron leucent granules (arrowheads). 24 month rat. Scale bar = 1 pm 

Figure B: The synovial membrane lining the retromalleolar fat pad. Note the lining cells contain large (LV) and small 

vacuoles (V). Arrows indicate elongated electron-lucent regions in one synovial cell. Electron dense granules 

(arrowheads) were also present in some cells. N - nucleus. 4 month rat. Scale bar = 1pm

Figure C: A branching blood vessel in the retromalleolar fat pad. Note the irregular shape of the cell nuclei (N) of its 

lining cells. L -  lumen of the blood vessel. Scale bar = 1 pm.

Figure D: A thinly myelinated nerve fibre (arrow) in the cleft between adjacent adipocytes. The nerve fibre is 

surrounded by several whorls of collagen fibres (C). A cell nucleus (N) is present in close association with the collagen 

whorls. LD -  lipid droplet. Scale bar = 1pm.

Figure E: A high power view of the nerve in Fig D. Arrows indicate whorls o f collagen fibres which run in different 

directions around the thinly myelinated nerve fibre (N). Note the irregular shape of the nerv e fibre which also contains an 

electron-dense mitochondrion (arrowhead). 24 month rat. Scale bar = 1pm.

Figure F: A collection of myelinated (M) and unmyelinated (UM) nerve fibres surrounded by collagen fibres (C) in a 

cleft between adjacent adipocytes. Arrow indicates where the axolemma has pulled away from the myelin sheath. 24 

month rat. Scale bar = lpm.
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Figure 5.3.5.

THE NERVE SUPPLYING THE RETROM ALLEOLAR FAT PAD -  ULTRATHIN SECTIONS

Figure A: Axons (A) wrapped in myelin (M) surrounded by endoneurium (E) within the nerve supplying the 

retromalleolar fat pad. Note the presence of a Schwann cell nucleus adjacent to a myelinated axon. Arrows indicate Cajal 

bands of the nerve fibre. 4 month rat. Scale bar = 1 pm.

Figure B: A collection of unmyelinated axons (A) present within the nerve supplying the retromalleolar fat pad. Note the 

single Schwann cell nucleus (S) which supports the group o f unmyelinated axons in its cytoplasm (SC). 4 month rat. 

Scale bar = 1 pm

Figure C: A myelinated nerve fibre (arrow) in the nerve supplying the retromalleolar fat pad in the 24 month rat. Note 

the infolding of the myelin sheath into the axon. Scale bar = 1pm.

Figure D: Two myelinated nerve fibres in the nerve supplying the retromalleolar fat pad in the 24 month rat. Note the 

ovoids (O) of myelin within the axonal region (A) of the fibre. M -  myelin. Scale bar = 1pm.

Figure E: Nerve fibres in the nerve supplying the retromalleolar fat pad in the 24 month rat. Note the presence of ovoids 

(O) and double myelin sheaths (arrows). Degenerating myelin and debris is located between the double myelin sheaths. 

Scale bar = 3 pm.

Figure F: Nerve fibres in the nerve supplying the retromalleolar fat pad in the 24 month rat. The arrow indicates 

unidentified 'debris’ within the fibres axon (A). The arrowhead points to the axolemma of the shrunken axon which has 

pulled it away from the surrounding myelin sheath. Scale bar = 3pm.
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Figure 5.3.6.
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Figures A-D: ULTRATHIN SECTIONS OF THE NERVE SUPPLYING THE RETROMALLEOLAR 

FAT PAD IMMUNOGOLD LABELLED FOR CALCITONIN GENE RELATED PEPTIDE (CGRP)

- DETERGENT METHOD.

Figure A: A group of unmyelinated nerves (A) in the nerve supplying the retromalleolar fat pad in the 24 month rat. 

Several lOnm gold particles (arrow) were present on a granular vesicle within one axon. M -  mitochondria. Scale bar = 

300nm.

Figure B: High power image of the axon highlighted in Fig A. Arrow indicates the lOnm gold particles bound to a 

CGRP containing granular vesicle within the axon (A). M— mitochondria. Scale bar = lOOnm.

Figure C: High power image of an unmyelinated axon in the nerve supplying the retromalleolar fat pad in a 24 month 

rat. Arrow indicates lOnm gold particles bound to a CGRP-containing. granular vesicle within the axon (A). Scale bar = 

50nm

Figure D: An unmyelinated axon in the nerve supplying the retromalleolar fat pad in a 4 month rat. The boundaries of 

the axon are indicated by arrowheads. Arrow indicates 1 Onm gold particles bound to a CGRP containing granular vesicle 

within the axon (a). Scale bar = lOOnm.

Figures E: ULTRATHIN SECTION OF THE DORSAL HORN FROM THE SPINAL CORD 

IMMUNOGOLD LABELLED FOR CALCITONIN GENE RELATED PEPTIDE (CGRP)

- DETERGENT METHOD.

Figure E: Arrow indicates CGRP containing granular vesicle with bound lOnm gold particles in an unmyelinated fibre in 

the dorsal horn of the spinal cord. A -  axon. M -  myelin sheath. Scale bar = 300nm.
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Figure 5.3.7.

REPRESENTATIVE ULTRATHIN SECTIONS THROUGH THE NERVE SUPPLYING THE 

RETROMALLEOLAR FAT PAD IN THE RAT USED FOR MORPHOMETRIC ANALYSIS.

Figure A: A section through the nerve supplying the retromalleolar fat pad in the 4 month rat. Note the regular shape and 

size of the fibres within the nerve and their even distribution. Scale bar = 3 pm.

Figure B: A section through the nerve supplying the retromalleolar fat pad in the 24 month rat. Note the irregular size 

and shape of the fibres within the nerve and their uneven distribution and the large amount of connective tissue between 

the nerve fibres. Scale bar = 3pm.
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Figure A: Histograms representing the number of myelinated axons in 1,552 pm2 of the nerve supplying the 
retromalleolar fat pad in the 4 and 24 month rat. Means ± Standard Errors. * = significant difference (p<0.05).

AGE N MEAN STANDARD

ERROR

4 Month 5 30.26 0.854

24 Month 5 15.2 2.388

Figure B: Histogram representing the number of unmyelinated axons in 1,552 pm2 of the nerve supplying the
retromalleolar fat pad in the 4 and 24 month rat. Mean ± Standard Error. * = significant difference (p<0.05).

AGE N MEAN STANDARD

ERROR

4 Month 5 41.9 8.455

24 Month 5 21 2.387

Figure C: Graph representing the thickness of the myelin sheath in 1,552 pm2 of the nerve supplying the retromalleolar 
fat pad in the 4 month and 24 month rat. Mean ± Standard Deviation. * = significant difference (p<0.05).

AGE N MEAN STANDARD

DEVIATION

4 Month 5 17.53 2.44

24 Month 5 37.92 5.79
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Figure 5.3.9.
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Figure A: Histogram illustrating the distribution of myelinated nerve fibre area (|im2) in the 4 and 24 month rat.
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5.4. DISCUSSION

The results demonstrate that the retromalleolar fat pad was composed solely of white 

adipocytes suggesting that it does not play a role in heat production (which is associated 

specifically with the presence of brown adipocytes). This contrasts with a number of 

depots of visceral WAT, which are known to contain both forms of adipocytes (Cinti,

2005). However, the presence of “masked brown adipocytes” -  i.e. cells with the ability to 

transform into brown adipocytes (Cousin et al., 1992) could not be ruled out with the 

techniques employed. These findings, along with the presence of fibrous septa within the 

pad, support the hypothesis that the pad is a structural adipose tissue deposit similar to that 

which is present in the heel (Jahss et al., 1992). It may play a role in reducing shear and 

dissipating stress at the Achilles tendon enthesis (Canoso et al., 1988; Theobald et al.,

2006) rather than acting purely as a storage depot for triacylglycerol.

The multi-directional orientation of collagen bundles within the fat pad is of particular 

interest. According to Davis’ law - a corollary to the better known Wolffs law which 

states that bone will remodel to adapt to the loads it experiences, soft tissue can also 

remodel according to the forces placed upon it (Tippett and Voight, 1995). Thus, a fat pad 

which experiences forces from multiple directions may form multi-directional collagen 

bundles within it. These are probably secreted by the resident fibroblasts noted in this 

study. The fibroblasts have similar characteristics to those in tendon -  i.e. they have 

elongated, spine-like processes which envelope the surrounding collagen bundles 

(McNeilly et al., 1996). This characteristic fibroblast shape has been described previously 

with the use of TEM, by Birk and Zycband (1994), in the context of tendon development. 

The fibroblasts secrete the collagen extracellularly into a series of compartments. This 

accounts for the characteristically-complex shape of the cell, and gives the cells a greater 

degree of control over the secretion and organisation of their surrounding ECM (Birk and 

Zycband, 1994). In addition to these observations, the presence of connexin 32 in the 

fibrous regions of the fat pad (see chapter 6) suggests that fat pad fibroblasts have the 

ability to communicate with each other via gap junctions and co-ordinate the secretion of 

collagen in response the mechanical loading. As in tendons, such loading might be sensed 

by focal contacts and adherens junctions (Ralphs et al., 2002; Waggett et al., 2006). This 

cell-ECM organisation, supports the concept that collagen is actively synthesised in the fat 

pad in response to mechanical loading.
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At high magnification, collagen fibres seen in the same section, appeared to be of different 

diameters -  possibly because collagen fibrils are known to taper towards their ends 

(Banfield, 1952). Those fibrils which were of small diameter may therefore be cross- 

sections through the tapering end of a fibril rather than representing genuinely different

sized fibrils. Small numbers of collagen fibres were also present in the small intercellular 

spaces between closely-adjacent neighbouring adipocytes. Such fibres have also been 

identified with the use of SEM (Kubo et al., 2000), but few authors have commented on 

their significance in fat. Kubo et al., (2000) suggest that the basement membrane of each 

adipocyte is interconnected to the type I collagen matrix via collagen types III, V, and VI. 

It is further suggested that these fibres may play an important role in the organisation of 

adipocytes within the fat pad (Kubo et al., 2000). The importance of the ECM in adipose 

tissue is highlighted by the number of studies attempting to recreate adipocyte 

differentiation in vitro with a 3D system which replicates conditions in vivo (Daya et al., 

2007; Kang et al., 2007; Kubo et al., 2000). Adipocytes in 2D culture do not usually have 

the same extracellular characteristics and tissue organisation (Daya et al., 2007). It is 

currently thought that interstitial collagens are secreted by pre-adipocytes during 

differentiation and that membrane bound matrix metalloproteinases (MT-MMP) might play 

an important role in their breakdown (remodelling) during differentiation (Chun et al.,

2006). The biomechanical role of the collagen fibres within most fatty tissues has not been 

clarified. In the retromalleolar fat pad, it is possible that they may play a significant role in 

stabilising the fat cells within the pad, providing tensile strength during loading, as Ker et 

al., (1999) have suggested for the heel pad in the foot.

Mast cells (as previously demonstrated in chapter 3) were present not only within the fat 

pad itself, but also in close association with the sub-lining layer of the synovium. These 

cells are known to play a role in detecting pathogens and mounting an immune response; 

therefore their presence in the synovium suggests that these cells may be capable of 

monitoring the enthesis organ for infection, and initiating an inflammatory response 

(Nigrovic and Lee, 2005). This is in line with the idea that the fat pad may have a 

significant role as an immune organ. Mast cells may thus be significant players in the 

autoimmune response associated with SpA (Buckley et al., 1997). In addition, it is possible 

that the presence of mast cells may be a factor in overuse injuries (enthesopathies) and play 

a similar role to that documented in osteoarthritis, where an increased number of 

degranulating and intact mast cells were seen when compared to normal individuals (Dean

- 144-



Ultrastructure o f  the Retromalleolar Fat Pad in the Rat

et al., 1993). The soluble products released by the mast cell during activation can have two 

effects by passing into the synovial fluid and coming into direct contact with the 

fibro/chondrocytes. This can increase the expression of proteolytic enzymes by fibroblasts, 

synovial cells, and chondrocytes within the joint (Lees et al., 1994; Yoffe et al., 1984). The 

prolonged release of mast cell products through excessive mechanical/repetitive loading 

may lead to the degeneration of the fibrocartilage at the enthesis, as has been speculated in 

osteoarthritis (Dean et al., 1993) and rheumatoid arthritis (Bromley and Woolley, 1984a; 

b).

In addition to its degenerative effect, mast cell histamine is capable of stimulating 

fibroblast proliferation (Berton et al., 2000) and mast cell tryptase can promote collagen 

synthesis (Abe et al., 1998). This is particularly interesting in the light of the current 

observation that the sub-lining layer of the synovium showed a marked increased in fibrous 

tissue and mild fibroblast hyperplasia with increasing age. It may be speculated from 

previous data (as described above) that mechanical loading of the fat pad can lead to 

activation of the mast cells, and in turn stimulating fibroblast proliferation and collagen 

secretion over a long period of time (throughout the life of the animal). This may account 

for the increased thickness/fibrous nature of the synovium. Similar observations, 

demonstrating an increase in fibrous nature of the synovial membrane have been noted in 

man (Pasquali-Ronchetti et al., 1992).

The highly vascularised nature of adipose tissue is well known (Gersh and Still, 1945), and 

may be important in maintaining/controlling the size of the retromalleolar fat pad (Rupnick 

et al., 2002). It would be interesting to determine whether the size of the retromalleolar fat 

pad can be affected by various endocrine hormones involved in adipogenesis in the same 

manner as has been demonstrated for visceral WAT.

With the use of TEM, it was possible to demonstrate the presence of nerve fibres in the 

space between adjacent adipocytes. Although, these fibres were only occasionally 

observed, this may be explained by the small amount of tissue that had to be used for each 

block of tissue to ensure penetration of the osmium. Even though the samples were small, 

the osmium did not fully penetrate the tissue due to its high lipid content. This may also 

account for the poor contrast of the images presented here. Where fibres were observed, 

they were fine, thinly-myelinated or unmyelinated axons - indicating a sensory function
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(Bear et al., 2006). No nerve fibres were found to contain CGRP-containing granular 

vesicles with any of the techniques used. CGRP-containing vesicles were however 

identified in unmyelinated axons within the nerve supplying the fat pad and in the dorsal 

horn of the spinal cord. This indicated that labelling was effective - although only using 

the detergent method. The absence of labelling may be attributed to the paucity of nerves 

in the small volume of tissue examined. The nerves themselves were surrounded by 

concentric rings of ECM. The role of these fibres is unknown; however, their appearance 

suggests that they may have a sensory role, rather than a role in regulating the size of the 

fat pad (Bartness and Bamshad, 1998), although this cannot be ruled out. The collagen 

surrounding the nerve may play a role in protecting the nerve from mechanical stress 

and/or shear exerted on the fat pad.

In contrast to the structure of the fat pad, there were significant differences between the 

young and aged animals with regard to the nerve supplying it. Age-related changes to 

peripheral nerves are well documented (Verdu et al., 2000), and morphological 

observations correlate with those changes demonstrated here. The increasingly irregular 

shape of the fibres within the aged nerve is believed to be a consequence of the myelin 

abnormalities described. These are associated with a decrease in the expression of myelin 

protein with age (Verdu et al., 2000) and changes in the shape and structure of the myelin 

sheath are suggestive of axonal degeneration (Krinke et al., 1988). In the aged rat, an 

increase in the amount of collagen was observed between the nerve fibres, in line with 

previous studies (Ceballos et al., 1999). It is believed that the denervated Schwann cells 

influence adjacent fibroblasts to synthesize collagen in order to fill the space left by 

degenerated nerve fibres (Ceballos et al., 1999; Eather et al., 1986).

Significant decreases in the number of myelinated fibres and unmyelinated axons with old 

age together with a general decrease in the average size of the axons remaining have 

previously been demonstrated in a variety of species and nerves (Verdu et al., 2000). The 

changes in number and morphology of the myelinated fibres of the nerve examined here 

may result in a decrease in conduction velocity associated with old age (Verdu et al., 2000). 

The histological and cellular changes described here are believed have a marked impact on 

the function of the nerve (Verdu et al., 2000) and may manifest themselves as an age- 

related alteration in the sensory function proposed for the retromalleolar fat pad. However, 

in contrast to these studies, the loss of myelinated axons was more marked than of
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unmyelinated fibres, and particularly affected fibres that had a diameter between 30-40 

pm2 rather than large myelinated fibres. In addition, there was a significant increase in the 

thickness of the myelin sheath with age. It is difficult to explain these observations, but it 

may be associated with the use of a single animal at each age in the present study, or due to 

the levels at which the sections were obtained from each nerve. It should also be noted that 

the rat sural nerve, unlike its equivalent in man contains motomeurones axons (Peyronnard 

and Charron, 1982) and that these constitute “no more than one fourth” of the fibres within 

the nerve studied here (the peroneal anastomatic branch of the sural nerve). These axons 

are believed to innervate the plantar muscles of the foot and may explain some of the 

differences observed. In future studies, it would be important to confirm these observations 

with the use of more animals. However, as discussed above (see section 5.2.5), the 

interpretation of the results would still be limited by the likelihood of inter-individual 

variation.

In summary, the present results suggest that the retromalleolar fat pad is a structural fat 

pad, which contains a number of cell types other than adipocytes. These include mast cells 

which may play an important role in pathology of the enthesis organ. The nerves within 

the fat pad pass via clefts between adjacent adipocytes and are surrounded by concentric 

layers of collagenous ECM. This is reminiscent of the arrangement for nerve fibres within 

Pacinian corpuscles -  i.e. the nerves are not in direct contact with the adipocytes. 

Collectively, the results suggest a mechanosensory role for the fat pad, rather than one 

concerned with regulating its adipogenisity. The nerve supplying the fat pad undergoes a 

number of morphometric and ultrastructural changes with age, which would be consistent 

with decline in the proposed mechanosensory function of the fat pad. This in turn may 

result in gait abnormalities.
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Chapter 6

6. CELL INTERACTIONS AND CELL COMPOSITION OF 

THE RETROMALLEOLAR FAT PAD IN THE RAT

6.1. INTRODUCTION
The presence of adipose tissue at entheses has recently attracted renewed interest, for it 

occurs not only within the enthesis itself, but also in the angle which the tendon/ligament 

makes with the bone (Benjamin et al., 2004b). Elsewhere in tendons and ligaments, it is 

often dismissed as a sign of degeneration; however Benjamin et al., (2004b) have proposed 

a number of functions for adipose tissue at entheses. These include facilitating movement 

between tendon fascicles, and between the tendon or ligament and bone, and dissipating 

stress concentration at attachment sites. It has been demonstrated above (see chapter 3/5) 

that the retromalleolar fat pad is composed of adipocytes and a fibrous ECM. This 

organisation is likely to play an important role in the structure-function relationships of the 

fat pad. It is therefore the purpose of this study to provide information on cell-cell and cell- 

matrix interactions of adipocytes and fibroblasts within retromalleolar fat pad which would 

support the suggestion that the fat pad may modulate its fibrous nature according to the 

mechanical loading it experiences.

Adipose tissue, in other locations is recognized to have important immunological functions 

(Fantuzzi, 2005) for a review). The presence of mast cells in the retromalleolar fat pad, as 

described above (see chapter 3), suggests that this fat pad may also have immunological 

properties. Thus, a further aim of the present chapter is to identify by 

immunohistochemistiy, the presence of a phagocyte and inflammatory cell population in 

the rat Achilles tendon enthesis organ and record changes in their expression with the age 

of the animal. The cells identified may have an immunoprotective role for the Achilles 

tendon enthesis organ, and may also play a role in SpA (McGonagle et al., 2002).

Brief Review 
Cell-Matrix Interactions
Actin, a major component of the cell cytoskeleton, is present in two forms, at equal ratios. 

Individual subunits of actin - known as globular-actin (G-actin) - can polymerise into 

double stranded flexible helical filaments known as filamentous actin (F-actin). These 

microfilaments are found throughout the cytoplasm but are principally concentrated 

beneath the plasma membrane, in the cell cortex (Alberts et al., 1994). Here F-actin
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operates as networks or bundles, with actin associated proteins allowing the cell to alter the 

profile o f the overlying plasma membrane (Amato et al., 1983), or transport vesicles within 

the cell (Goldberg et al., 1980). In response to tension, temporary bundles o f contractile 

stress fibres are formed by the interaction o f actin filaments and the actin associated protein 

tropomyosin. Tropomyosin binds along the length o f the actin filaments to stabilise the 

structure, and promote binding o f myosin II -  a muscle associated protein - which leads to 

the generation of contractile forces. These stress fibres insert into the plasma membrane 

via a series of proteins that form specialised sites o f adhesion which anchor the fibres to the 

underlying ECM or a neighbouring cell (Alberts et al., 1994; Burridge et al., 1987). Focal 

contacts (also known as focal adhesions) anchor actin filaments to the ECM via a 

cytoskeletal complex composed of many proteins, including a-actinin, vinculin, talin, focal 

adhesion kinase, tensin and paxillin, which in turn anchor with a member of the 

transmembrane family of integrins. The integrins subsequently bind to an RGD (Arg-Gly- 

Asp) sequence of an ECM molecule such as collagen, laminin, fibronectin. Integrins are 

able to transduce the force applied to the cell and stimulate re-organisation of the 

cytoskeleton in response to the force applied. Reciprocally the intracellular actin filaments 

can influence the orientation o f  secreted fibronectin mediated by integrins (Alberts et al., 

1994; Burridge et al., 1987). Focal contacts in tendon and the annulus fibrosus o f the 

intervertebral disc are known to have a role in organising the orientation o f fibroblasts and 

the direction o f ECM deposition during development (Hayes et al., 1999; Ralphs et al., 

2002).

Cell-cell interactions

Adherens junction (Actin 
filaments and Cadherins)

Desmosome (Intermediate 
filaments and Cadherins)

Gap Junction (Connexins)

Cell - matrix interactions
Hemidesmosome Focal contacts 
(Intermediate filaments (Actin filaments 
and Integrins) and Integrins)

< u l
----------- iT W C ------------------- / f i f u  —

Basal Lamina

Figure 6.1.1: Cell-cell and cell-matrix interactions (Alberts et al., 1994)
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Focal contacts are also known to be important in the early stages of adipocyte 

differentiation. This is a complex process involving multiple stages. During adipocyte 

differentiation, the cell dramatically alters its morphology from a stellate-shaped cell 

(resembling a fibroblast) to a spherical one. Several authors have demonstrated, in vitro, a 

decrease in the mRNA levels of actin and other components of cell-matrix interactions 

(Rodriguez Fernandez and Ben-Ze'ev, 1989; Spiegelman and Farmer, 1982). This suggests 

that such a downregulation is a key event in generating the differentiated phenotype of the 

cell (Rodriguez Fernandez and Ben-Ze'ev, 1989). Even though these studies are carried out 

on established cell lines known to develop into fat pads when injected into animals (Green 

and Kehinde, 1979), it has not been established whether adipocytes in mature adipose 

tissue re-express cell-matrix interactions in vivo or in 3D cultures.

A recent study of the 3D culture of adipocytes (Kubo et al., 2000) has demonstrated an 

important role in the ECM during differentiation, which is secreted and degraded 

throughout differentiation. Fibronectin secretion by preadipocytes provides an ECM which 

promotes adipocyte differentiation and the organisation of interstitial collagen during the 

initial stages of adipogenesis. However, at later stages, fibronectin inhibits differentiation 

and must be proteolytically degraded. Following fibronectin degradation, expression and 

secretion of laminin and type IV collagen is observed. Once again these ECM components 

are broken down, but later re-expressed in the form of cell-surface associated proteins 

forming the basement membrane which is characteristic of the mature adipocyte. During 

the mid-stages of differentiation collagen types III, V, and VI are secreted, followed by 

type I collagen expression during terminal differentiation. These fibres form an intricate 

extracellular network of fibrous collagens which bind unilocular adipocytes together into 

clusters resmbing the structure in vivo. It is though that collagen types III, V and VI 

connect the basement membrane to the type I collagen network to anchor the tissue 

together (Kubo et al., 2000). Kuri-Harcuch et al., (1984) have demonstrated with the use of 

scanning electron microscopy, a very close association between the fibrilar ECM and the 

differentiated adipocyte cell surface in vitro using 3T3-F442A cells. It is suggested here 

that the collagen fibres may help to organise the developing adipocytes into lobules as seen 

in vivo (Motta, 1975). Additionally, membrane tethered matrix metalloproteinases (MT- 

MMP) play an important role in remodelling the collagenous matrix during development. 

Chun et al., (2006) demonstrated that MT1-MMP null mice are lipodystrophic, because 

development of WAT is aborted due to a build up of collagen in the ECM. It would
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therefore appear unusual for such a highly organised ECM to develop during adipogenesis 

without the occurrence of cell-matrix interactions.

Hemidesmosomes (half desmosomes) are generally associated with polarised cells, 

attaching the basal surface of the cell to the underlying basement membrane. They are 

composed of intermediate filaments, which anchor to a cluster of integrins via a 

cytoplasmic plaque. The integrins are in turn anchored to a part of the underlying 

membrane. Intermediate filaments are polymers of fibrous proteins — variations of these 

proteins result in different types of filaments including: keratin, vimentin, desmin. These 

filaments are often found in tissues subject to large amounts of mechanical stress, such as 

epithelia (Alberts et al., 1994). The expression of hemidesmosomes has not been fully 

addressed in mature adipocytes. Nonetheless, once again, vimentin levels have been 

measured during adipogenesis. In contrast to other cytoskeletal proteins, vimentin levels 

are increased during the differentiation of preadipocytes isolated from rat and human 

adipose tissues (Teichert-Kuliszewska et al., 1996). It is suggested that vimentin plays a 

role in lipid storage, metabolism and adipocyte differentiation (Franke et al., 1987; 

Teichert-Kuliszewska et al., 1996).

Cell-Cell Interactions

Cells have the ability to interact with each other in a number of ways: for anchorage, 

communication or occlusion of the intercellular space (Alberts et al., 1994). Adherens 

junctions - one form of anchoring junction - connect the actin cytoskeleton of adjacent cells 

via cadherin junctional proteins. Cadherins are single transmembrane glycoproteins which 

interact homophilically with cadherins on the adjacent cell -  mediated by calcium 

(Takeichi, 1988). The cytoplasmic domain of cadherin glycoprotein is anchored to the 

actin cytoskeleton via a multimolecular protein consisting of catenins a, p, and y, vinculin, 

a-actinin and plakoglobin. Cadherins are highly involved in cell adhesion during 

development and have been identified throughout the developing embryo - providing the 

ability to link dividing cells and co-ordinating their orientation. This regulates the shape 

and structure of the tissue (Alberts et al., 1994; Geiger et al., 1987). In the adult, cadherins 

connect cells together to maintain tissue integrity. In tendon, the expression of adherens 

juctions is upregulated in vitro under cyclic tensile load (Ralphs et al., 2002). A number of 

in vitro studies have demonstrated a decrease in the expression of all cadherins during 

adipocyte differentiation (Shin et al., 2000). However, another homophilic cell adhesion
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molecule -  adipocyte adhesion molecule (ACAM) - has recently been identified by Eguchi 

et al., (2005) on the surface of mature adipocytes, in vivo. Its expression is upregulated 

during differentiation and in obesity and is therefore believed to have a role in these 

processes; however, its role in mature adipocytes is not yet understood (Eguchi et al., 

2005).

Gap junctions are communicating junctions that allow co-ordination of the cell population. 

They are found in many tissue types and are composed of two hemichannels that coalesce 

from adjacent cells to form an open channel, which has the ability to mediate the exchange 

of small metabolites and ions between the connected cytoplasm thereby generating an 

integrated cell population. Each hemichannel, called a connexon, is assembled from six 

transmembrane connexins (cxn) bound together to form a hexamer (Alberts et al., 1994; 

Goodenough, 1976). Tendon fibroblasts and periodontal ligament cells express both cxn 

32 and 43. It has been hypothesized that stimulation of fibroblasts under mechanical 

loading causes cellular deformation. As a consequence there is an increase in intracellular 

calcium concentration that leads to the transposition of inositol phosphate (IP3) through 

open gap junctions, and an increase in the intracellular calcium connectration in the 

connected cell. This allows the cell population to mount a co-ordinated respose to 

mechanical loading (Banes et al., 1999). Waggett et al., (2006) further demonstrated that in 

vitro, tendon fibroblast signalled via cxn 32 to increase collagen synthesis and secretion 

while signalling via cxn 43 inhibits collagen synthesis.

Gap junctions (cxn43 but not cxn32) have been identified in differentiating bone marrow 

stromal cells, and are known to play an important role in the mitogenic clonal expansion 

during adipogenesis (Umezawa and Hata, 1992; Yanagiya et al., 2007). During 

differentiation, Ras independent (Brownell et al., 1996), closure of gap junctions induces 

adipocyte differentiation in a similar manner to the decrease in cell-matrix interaction 

components. Interestingly, if gap junctions are inhibited during osteoblast differentiation, 

in vitro, these cells accumulate triacylglycerol lipid droplets and express several adipocytic 

markers indicating that signals downstream of gap junction communication have the ability 

to control cell phenotype (Schiller et al., 2001). In vivo, gap juctions are not believd to be 

present in the plasma membrane of mature adipocytes due to the occurrence of a basement 

membrane surrounding them. Therefore, in this study, only the fibrous regions of the 

retromallelolar fat pad will be examined.
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Macrophages in Adipose Tissue

Approximately 10% of the cells from the stromo-vascular fraction of WAT are resident 

tissue macrophages (Curat et al., 2004). Furthermore, several studies have demonstrated 

that the number of macrophages is directly linked to the number and size of adipocytes in 

the deposit, with no significant differences between subcutaneous and visceral deposits 

(Curat et al., 2004; Weisberg et al., 2003). Although macrophages and preadipocytes show 

some structural similarities, the cell types are distinct and with the use of mouse bone 

marrow chimeras it has been demonstrated that macrophages in WAT are not differentiated 

from preadipocytes - but from monocytes derived from bone marrow, that circulated in the 

bloodstream and infiltrate into WAT (Weisberg et al., 2003). Recruitment of macrophages 

into WAT may be stimulated by a number of factors: High doses of leptin induce the 

adhesion and transmigration of monocytes in blood vessels (Curat et al., 2004) and 

chemokines such as monocyte chemoattractant protein 1 (MCP1) are released by 

adipocytes at levels which correlate with adiposity (Christiansen et al., 2005; Takahashi et 

al., 2003). These observations correlate with a number of studies that demonstrate obese 

individuals/animals have larger populations of macrophages within WAT deposits. 

Furthermore, Lumeng et al., (2007) have demonstrated a novel population of macrophages 

in WAT of obese mice which may contribute to a proinflammatory state and insulin 

resistance.

McGonagle et al., (2002) has demonstrated that macrophages are the primary cell infiltrate 

in lesions of plantar entheseal fibrocartilage in patients with SpA. This explains the 

beneficial effect of anti-tumor necrosis factor alpha (TNF-a) on patients with SpA. TNF-a 

is secreted by activated macrophages and stimulates the endothelium to recruit other 

inflammatory cells and induces the release of other inflammatory cytokines. It is suggested 

that anti-TNFa reduces migration of inflammatory cells through deactivation of adhesion 

molecules in the endothelium (Paleolog et al., 1996). The presence of macrophages in the 

rat Achilles tendon enthesis organ (a site commonly affected by enthesopathies in patients 

with SpA) will be studied with the use of the pan-macrophage marker CD68. The effect of 

age on the phagocyte cell population will also be observed. Myeloid-related protein 

(MRP 14) - a marker for inflammatory macrophages/neutrophils will also be used in this 

study. MRP 14 is a calcium-binding protein belonging to the SI00 protein family (also 

known as S-100A9). Under inflammatory, conditions MRP 14 is expressed by monocytes 

and granulocytes during early stages of differentiation (Odink et al., 1987). Furthermore,
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MRP 14 is secreted, as a heterodimer with MRP8 (S-100A8), during the interaction of 

monocytes with TNF-stimulated endothelial cells (Frosch et al,, 2000). In several 

inflammatory conditions - such as rheumatoid arthritis (RA) and SpA - levels of 

MRP14/MRP8 are increased in synovial tissue, synovial fluid, and blood serum (De Rycke 

et al., 2005; Youssef et al., 1999).
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6.2. MATERIALS AND METHODS

6.2.1. Source of Material

White male Wistar rats aged 1 day, 1 month, 4 months, and 24 months (3 from each age 

group) were used in this study. 4 month rats and pregnant female rats were obtained from 

accredited commercial suppliers. Following parturition the offspring were maintained at 

Cardiff University until the appropriate age.

6.2.2. Dissection Procedure

Adult rats were killed with an overdose of carbon dioxide followed by cervical dislocation. 

Neonates were stunned and then killed by cervical dislocation. The hind-limbs from adult 

rats were skinned and amputated. The ankle region was removed from the limb by cutting 

through the tibia and fibula midway down the hind-limb. The forefoot removed from the 

ankle by cutting through the proximal part of the metatarsus leaving the Achilles tendon 

intact and attached to the calcaneus. The whole hind-limbs were removed and used from 

neonatal rats. Tissues were kept moist at all stages during dissection with 0.1M PB.

6.2.3. Immunohistochemistry
Immunofluorescence and immunoperoxidase labelling was carried out as described in 

chapter 2 using the antibodies against actin, vinculin, N-cadherin, connexin 32, CD68 

(EDI), and MRP14 (see Table 2.1).
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6.3. RESULTS

6.3.1. Immunohistochemistry

Cellular Composition o f the Retromalleolar Fat Pad

Connexin 32, Actin, Vinculin, and N-cadherin

Within the fat pad, the connective tissue between fascicles of large nerve bundles labelled 

positively for cxn32 (Fig 6.3.1.A). Where fibroblasts were present within the fibrous 

connective tissue of the fat pad, positive cxn32 labelling was present between cytoplasmic 

extensions (Fig 6.3.1.A). Labelling for Alexa 488 conjugated Phalloidin demonstrated the 

presence of filamentous actin within the cytoplasm of adipocytes in the fat pad (Fig

6.3.1.B) labelling was particularly prominent in the blood vessels within the fat pad (not 

shown). Vinculin labelling was also present within the adipocyte cytoplasm (Fig 6.3.l.C). 

In contrast; N-cadherin labelling was not widely distributed. It was not a feature of the 

adipocyte cytoplasm; however, clusters of un-identified cells within the fat pad were 

positive for N-cadherin (Fig 6.3.l.D). Negative controls did not demonstrate any non 

specific labelling (Fig 6.3.2.A-E).

Histiocytes o f the Achilles enthesis organ

The results are summarised in Table 6.3.1.

CD68 - Neonate
In the neonatal rat, no CD68 positive cells were identified within the any of the 

fibrocartilaginous regions of the enthesis organ (Fig 6.3 3.A). A large number of CD68 

positive cells were however present within the presumptive fat pad (Fig 6.3.3.B) of the 

Achilles enthesis organ. In comparison to the size of the presumptive fat pad, CD68 cells 

were particularly numerous, although the number of positive cells did vary between 

animals of the same age. The shape of CD68 positive cells within the presumptive fat pad 

varied from rounded cells (Fig 6.3.3.C), which were often in close association with blood 

vessels, to more spindle-like cells with several cytoplasmic projections (Fig 6.3.3.D). The 

synovial membrane lining the tip of the presumptive fat pad did not contain any CD68 

positive cells (Fig 6.3.3.E).
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CD68 -1 month

At 1 month of age there were few differences to the observations made from the neonatal 

rat. As above, the fibrocartilaginous regions of the enthesis organ were negative (Figs

6.3.3.F and 6.3.4. A) and a number of CD68 positive cells were present in the fat pad, which 

is now enlarged and adipocyte differentiation has occurred. The number of CD68 positive 

cells in the fat pad did however appear to be reduced and the positive cells more widely 

distributed throughout the wedge of adipose tissue than in the neonatal rat. CD68 positive 

cells were often in association with blood vessels (Fig 6.3.4.B) and the synovial membrane 

was negative for CD68 (not shown).

CD68 -  4 month

At 4 months, the enthesis fibrocartilage did not contain CD68 positive cells (Fig 6.3.4.C); 

however, several CD68 positive cells were present on the bursal surface of the periosteal, 

and more frequently of the sesamoid fibrocartilage (Fig 6.3.4.D). Interestingly, a number 

of positive CD68 cells were also identified in one specimen, within the fibrocartilage at the 

point where the fat pad reflects back and attaches to the periosteum (Fig 6.3.4.F). The fat 

pad, as above, contained CD68 positive cells (Fig 6.3.4.E), and there appeared to be a slight 

increase in the number of CD68 positive cells compared to the 1 month rat, although this 

difference did vary between specimens. In addition, a large number of cells in the synovial 

membrane were positively labelled for CD68 (Fig 6.3.5.A), although regional variations 

were evident.

CD68 -  24 month

By 24 months, there was once again an increase in the number of cells labelled for CD68 in 

the fat pad (Fig 6.3.5.B), and most of the synovial membrane contained CD68 positive cells 

(Fig 6.3.5.C). There was also a large nerve bundle within the fat pad which had large oval 

cells expressing CD68 (Fig 6.3.5.D). CD68 positive cells were also identified on the 

surface of both the sesamoid (Fig 6.3.5.E) and periosteal fibrocartilages; however, several 

rounded cells within the fibrocartilage also strongly expressed CD68 (Fig 6.3.5.F). In 

addition to this, several elongated CD68 positive cells were seen just in the tendon just 

proximal to the enthesis fibrocartilage (not shown).

Inflammatory Cell Populations in the Achilles Tendon Enthesis Organ

The results are summarised in Table 6.3.1.
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MRP 14 - neonate

The fibrocartilage associated with the neonatal enthesis organ was negative (Fig 6.3.6.A), 

as was the retrocalcaneal bursa and the synovial membrane (Fig 6.3.6.B) when labelled 

with anti-MRP14. A small number of cells within the presumptive fat pad were however, 

positively labelled. These cells, had large rounded nuclei, surrounded by a MRP 14 positive 

cytoplasm which was distinct from the adipocyte precursors as they do not send out 

elongated cytoplasmic projections (Fig 6.3.6.C and D).

MRP 1 4 -1  month

At 1 month labelling with MRP 14 demonstrated the presence of a marked number of 

positive cells in the retromalleolar fat pad. These cells were rounded and usually present 

within or in close association with capillaries or larger blood vessels (Fig 6.3.6.E). Clusters 

of adipocytes also labelled positively for MRP 14, these cells were smaller than the majority 

of the other adipocytes, which remained unlabelled (Fig 6.3.6.F). The synovial membrane 

was negative in all specimens examined (not shown). In two out of the three specimens 

examined, the enthesis, sesamoid and periosteal fibrocartilages were all negative. 

However, one specimen demonstrated the presence of what appeared to be a small 

tear/rupture in the enthesis fibrocartilage, which contained a number of positively labelled 

cells. These cells were irregular in shape, one of which was sending out strongly labelled 

cytoplasmic projections, extending over the surface of the tear in the fibrocartilage (Figs 

6.3.7.A and B).

MRP 1 4 - 4  month

The enthesis (Fig 6.3.7.C), sesamoid and periosteal fibrocartilages were negative for MRP 

14 in all specimens examined at 4 months of age. However, the fat pad -  as above -  

contained a number of rounded positively labelled cells within and in association with 

blood vessels (Fig 6.3.7.D). As above, a small number of adipocytes also labelled

positively for MRP 14.

MRP 14-24  month

In the 24 month rat, the fibrocartilages associated with the enthesis were negative, while 

positive cells were present in the retromalleollar fat pad. The number of positive cells 

appeared to be higher than at 4 months of age. In contrast to the observations from 

previous ages, there was a large amount of labelling associated with endothelial lining of
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blood vessels (Fig 6.3.7.E). Negative control sections did not demonstrate non-specific 

labelling (Fig 6.3.8. A-C).

CD68

Age FP EF SF PF RB

1 day ++++ _

1 month + - _ . -

4 month ++ • + + +

24 month +++ +/- ++ ++ ++

UKP14

Age FP EF SF PF RB

1 day + . _

1 month ++ •

4 month +++ +/- _ - •

24 month ++++ - - - -

Table 6.3.1. Summary o f results obtained by peroxidise labelling for immunocompetent cells in the rat 

Achilles enthesis organ. - = no labelling was present in the tissue at this stage, + = labelling present within the 

tissue on a scale of 1-4, +/- = labelling in some but not all specimens. FP -  Retromalleolar fat pad, EF -  

enthesis fibrocartilage, SF -  sesamoid fibrocartilage, PF -  periosteal fibrocartilage, RB -  retrocalcaneal bursa.

-  1 5 9 -



Cell Interactions and Cell Composition o f the Retromalleolar Fat Pad in the Rat

FIGURES

Figure 6.3.1

THE RETROMALLEOLAR FAT PAD LABELLED WITH CONNEXIN 32, ACTIN, VINCULIN, OR 

N-CADHERIN. 12 week rat (Counterstained with DAPI to highlight cell nuclei)

Figure A: A section throught a large nerve bundle (N) and fibrous connective tissue (CT) in the retromalleolar fat pad 
labelled with connexin 32. Labelling was present in the connective tissue (arrow) of a large nerve bundle. Connexin 32 
labelling was also present between fibroblasts in the fibrous region of the fat pad (arrowheads). Scale bar = 100pm.
Figure B: A grazing section through adipocytes in the retromalleolar fat pad labelled with Alexa488 - conjugated 
Phalloidin. Note the presence of actin filaments (arrows) within the adipocyte cytoplasm. LD - Lipid droplet. Scale bar = 
50pm.
Figure C: Adipocytes in the retromalleolar fat pad labelled for vinculin. Speckled labelling was present in the adipocyte 
cytoplasm (arrows). LD -  lipid droplet. Scale bar = 50pm.
Figure D. A cluster (C) of unidentified cells within the retromalleolar fat pad labelled for N-cadherin. Note the 
cytoplasmic labelling (arrows) of cells within the cluster. Scale bar = 50pm.
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Figure 6.3.2

THE RAT ACHILLES TENDON ENTHESIS ORGAN - NEGATIVE CONTROL SECTIONS 

(Counterstained with DAPI to illustrate cell nuclei)

Figure A: The retromalleolar fat pad (FP) demonstrated no non-specific labelling in a section where PBS was applied in 

place of the primary antibody. Secondary antibody - goat anti-mouse FITC. 12 week rat. Scale bar = 100pm.

Figure B: The retromalleolar fat pad (FP) demonstrated no non-specific labelling in a section with mouse IgG 1 
fragments applied in place of the primary antibody. Secondary antibody - goat anti-mouse FITC. 12 week rat. Scale bar = 

100pm.

Figure C: The rat Achilles tendon enthesis organ demonstrated no non-specific labelling in a section with mouse IgG 2a 

fragments applied in place of the primary antibody. Secondary antibody - goat anti- mouse FITC, FP- fat pad, RB -  

Retrocalcaneal bursa, T -  Tendon, C -  Calcaneus. Neonatal rat. Scale bar = 100pm.
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Figure 6.3.3
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(Visualized with NovaRED and counterstained with M ayer’s Haematoxylin to highlight cell nuclei)

Figure A: The rat Achilles tendon enthesis in the neonate. No positive labelling was present in the presumptive enthesis 

(PEF), sesamoid (PSF), or periosteal fibrocartilage (PPF). RB -  retrocalcaneal bursa. Scale bar = 50pm.

Figure B: The presumptive fat pad (PFP) of the rat Achilles tendon enthesis organ. A large number o f CD68 positive 

cells (arrows) were present in the fat pad. Neonatal rat. Scale bar = 50pm.

Figure C: High power view of the CD68 positive cells (arrows) in the presumptive fat pad (PFP). Note the rounded 

nature of these cells and their nuclei. Neonatal rat. Scale bar = 30pm

Figure D: CD68 positive cells (arrows) in the presumptive fat pad (PFP) o f the rat Achilles tendon enthesis organ. Note 

the spindle-like shape of these cells. Neonatal rat. Scale bar = 50pm

Figure E: The tip of the retromalleolar fat pad in the neonatal rat. No positively labelled cells were present in the synovial 

membrane (SM) lining the tip of the fat pad or in the retrocalcaneal bursa (RB). PSF -  presumptive sesamoid 

fibrocartilage. Scale bar = 30pm.

Figure F: The sesamoid fibrocartilage (SF) of the rat Achilles tendon enthesis organ. Note the absence of CD68 positive 

cells. 1 month rat. RB -  retrocalcaneal bursa Scale bar = 30pm.
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Figure 6.3.4
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Figure A: The periosteal fibrocartilage (PF) of the rat Achilles tendon enthesis organ. Note the absence of CD68 

positive cells. 1 month rat. RB -  retrocalcaneal bursa. Scale bar = 30pm.

Figure B: A CD68 positive cell (arrow) in close association with a capillary (C) in the retromaleollar fat pad (FP). 1 

month rat. Scale bar = 30pm.

Figure C: The enthesis fibrocartilage (EF) of a 4 month rat. No positively labelled cells were present. T -  tidemark. 

Scale bar = 50pm.

Figure D: The periosteal fibrocartilage (PF) of a 4 month rat. Arrows indicate CD68 positive cells on the surface of the 

periosteal fibrocartilage. Scale bar = 50pm.

Figure E: CD68 positive cells (arrows) in the retromalleolar fat pad (FP). Note the speckled labelling within the cell 

cytoplasm. 4 month rat. Scale bar = 30pm.

Figure F: CD68 positive cells (arrows) in the sesamoid fibrocartilage (SF) close to the attachment (*) of the reflected 

synovial membrane (SM) lining the tip fat pad (FP). 4 month rat. Scale bar = 50pm.
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Figure 6.3.5
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Figure A: The synovial membrane (arrows) lining the retromalleolar fat pad (FP) positively labelled for CD68 in a 4 

month rat. Scale bar = 30pm

Figure B: CD68 positive cell (arrow) in the retromalleolar fat pad (FP). 24 month rat. Scale bar = 50pm.

Figure C: CD68 positive cells in the synovial membrane (arrows) o f a 24 month rat. FP - Fat pad. Scale bar = 30pm 

Figure D: A large nerve bundle (N) in the proximal part o f the retromalleolar fat pad. Arrows indicate CD68 positive 

cells in the connective tissue of the nerve bundle. 24 month rat. Scale bar = 50pm.

Figure E: The sesamoid (SF) and periosteal fibrocartilages (PF) of the rat Achilles tendon enthesis organ. Arrow 

indicates a pair of CD68 positive cells on the surface of the sesamoid fibrocartilage. RB - Retrocalcaneal bursa. 24 month 

rat. Scale bar = 50pm

Figure F: The sesamoid (SF) and periosteal fibrocartilages (PF) of the rat Achilles tendon enthesis organ. Arrows 

indicate rounded CD68 positive cell within the sesamoid fibrocartilage. C - Calcaneus. 24 month rat. Scale bar = 50pm
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Figure 6.3.6
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THE RAT ACHILLES TENDON ENTHESIS ORGAN LABELLED WITH MRP 14 

(Visualized with NovaRED and counterstained with M ayer’s Haematoxylin to highlight the cell nuclei)

Figure A: The attachment (A) of the Achilles tendon (T) to the cartilaginous anlagen of the calcaneus (C) of a neonatal 

rat. Note the absence of MRP14 labelling in all regions. RB - Retrocalcaneal bursa. Scale bar = 50pm.

Figure B: The tip of the presumptive retromalleolar fat pad (PFP) protruding into the retrocalcaneal bursa (RB). No

labelling was present in the tip of the fat pad, synovial membrane (SM), sesamoid (SF), or periosteal fibrocartilage (PF). 

Neonatal rat. Scale bar = 50pm.

Figure C: The presumptive fat pad (PFP) associated with the rat Achilles tendon enthesis organ. Arrow indicates a single 

cell positively labelled for MRP 14 in the fat pad. Neonatal rat. Scale bar = 50pm.

Figure D: High power view of the MRP 14 positive cell (arrow) in C. Note the rounded nucleus and

lamellopodia/filopodia of the the cell. PFP - presumptive fat pad. Neonatal rat. Scale bar = 30pm

Figure E: A cross section through a small capillary (C), within the fat pad (FP). A number of MRP14 positive cells were

present within the capillary. 1 month rat. Scale bar =30pm.

Figure F: A cluster of small MRP 14 positively labelled adipocytes (arrows) in the retromalleolar fat pad. Larger

adipocytes in the fat pad were unlabelled (A). 1 month rat. Scale bar = 30pm
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Figure 6.3.7
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Figure A and B: A small tear/rupture at the insertional angle (square in A, highlighted in B) in the enthesis fibrocartilage 
(EF) of the rat Achilles tendon enthesis organ. A small number of MRP 14 positive cells (arrows) were present within the 
tear. Note the irregular shape, and extending cytoplasmic membrane of one of these positive cells. RB -  retrocalcaneal 
bursa, SF -  sesamoid fibrocartilage, PF -  periosteal fibrocartilage. 1 month rat. Scale bar = 30pm.
Figure C: The enthesis fibrocartilage (EF) of the rat Achilles tendon enthesis organ. Note the absence of positively 
labelled cells. 4 month rat. Scale bar = 30pm.
Figure D: The retromallelor fat pad (FP) associated with the rat Achilles tendon enthesis organ. A capillary (C) within 
the fat pad containing 3 MRP 14 positively labelled cells (arrows). 4 month rat. Scale bar = 50pm.
Figure E: Blood vessels in the retromalleolar fat pad (FP) associated with the rat Achilles tendon enthesis organ. Strong 
MRP14 labelling (arrows) was associated with the blood vessel (BY) endothelium. 24 month rat. Scale bar = 50pm.
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Figure 6.3.8.
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THE RETROMALLEOLAR FAT PAD-ASSOCIATED W ITH THE RAT ACHILLES TENDON 

ENTHESIS ORGAN -  NEGATIVE AND POSITIVE CONTROL SECTIONS 

4 month rat (Counterstained with M ayer’s Haematoxylin to illustrate cell nuclei)

Figure A: The rat Achilles tendon enthesis organ demonstrated no non-specific labelling of the primary antibody. 

Mouse IgG 2a fragments were applied to the section in place o f the primary antibody. Secondary antibody - biotinylated 

horse anti- mouse. C - Capillary. Scale bar = 50pm.

Figure B: The rat Achilles tendon enthesis organ demonstrated no non-specific labelling of the primary antibody. Mouse 

IgG I fragments were applied to the section in place of the primary antibody. Secondary antibody - biotinylated horse 

anti- mouse. C - Capillary. Scale bar = 50pm.

Figure C: The rat Achilles tendon enthesis organ demonstrated no non-specific labelling of the secondary antibody. 

Phosphate buffer was applied to the section in place o f the primary antibody. Secondary antibody - biotinylated horse 

anti-mouse secondary antibody. C - Capillary. Scale bar = 50pm

Figure D: The rat omentum (OM) labelled with CD68. Positive cells (arrows) were present throughout the tissue. BV - 

Blood vessel. Scale bar = 50pm.

Figure E: The rat omentum (OM) labelled with MRP 14. Positive cells (arrows) were present in close association with 

the blood vessel (BV) endothelium. Scale bar = 50pm.
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6.4. DISCUSSION

The results show that adipocytes and fibroblasts within the retromalleolar fat pad contain 

filamentous actin and vinculin. N-cadherin labelling was present in clusters of unidentified 

cells in the retromalleolar fat pad, but not the mature adipocytes of the fat pad. Cxn 32 was 

observed between fibroblasts in the fibrous region of the fat pad and in nerve bundles 

within the fat pad.

Macrophages were present throughout the fat pad in animals of all ages. In older rats 

macrophages were also present on the bursal surfaces and within the sesamoid and 

periosteal fibrocartilages (4 and 24 month rat only). The number of MRP 14 positive cells, 

which were usually blood vessel associated, increased with the age of the rat and 

pervascular labelling was particularly prominent in aged rats. In one animal, in a 

tear/rupture of the enthesis fibrocartilage was observed which contained MRP 14 positively 

labelled cells.

Cell Interactions in the Retromalleolar Fat Pad

Although most studies have demonstrated that actin and vinculin levels are reduced during 

adipocyte differentiation (Rodriguez Fernandez and Ben-Ze’ev, 1989) this has only been 

confirmed in 2D cell culture systems which do not accurately reflect the 3D nature of 

adipose tissue in vivo. The 3D structure of adipose tissue displays complex interstitial 

collagen arrangements that are layed down and remodelled during adipocyte differentiation 

(Chun et al., 2006; Kubo et al., 2000; Kuri-Harcuch et al., 1984). This collagen network is 

now believed to play an important role in the structure and organisation of adipose tissue 

during development (Chun et al., 2006; Kubo et al., 2000; Kuri-Harcuch et al., 1984; 

Nakajima et al., 2002; Nakajima et al., 1998). Despite these observations no studies have 

looked into the expression of cell-matrix interactions in terminally differentiated adipose 

tissue in vivo. The present study demonstrated the presence of actin filaments and vinculin 

within the adipocyte cytoplasm in the retromalleolar fat pad. Due to the absence of N- 

cadherin, it may be suggested that these components belong to cell-matrix interactions, 

such as focal contacts, which may play an important role in sensing mechanical load 

experienced by the fat pad during foot movement, although further confirmation of this is 

required. Loading may initiate a cellular response to remodel the ECM via collagen 

synthesis (Ooshima, 1977) or degeneration (Chun et al., 2006).
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The actin filaments observed here in the adipocyte cytoplasm may also play a role in the 

transportation of glucose vesicles from the plasma membrane during glucose uptake 

(Kanzaki and Pessin, 2001). Additionally, it must be considerd that actin filaments -  in 

conjection with vinculin and vimentin may form cell-matrix interactions, called 

podosomes. Podosomes are present in cells of mesenchymal origin, but have also been 

identified in epithelial, smooth muscle cells and src-transformed fibroblasts (Linder and 

Aepfelbacher, 2003) for a review). Interestingly, the matrix degrading MT1-MMP - 

associated with ECM turnover in adipose tissue (Chun et al., 2006) - is also localised at 

podosome sites in osteoclasts (Sato et al., 1997). Podosomes are also associated with tissue 

invasion through cell migration and ECM degeneration - in addition to cell adhesion 

(Linder and Aepfelbacher, 2003). It is obvious from these initial observations that further 

investigation is required in this aspect of adipocyte biology.

N-cadherin was not present in the cytoplasm of mature adipocytes within the fat pad 

indicating that adherens junctions were not present. This is supported by previous in vitro 

observations (Shin et al., 2000). N-cadherin was however, observed in clusters of 

unidentified cells. These may be clusters of preadipocytes or mesenchymal stem cells. N- 

cadherin may be preventing differentiation of these cells down a specific pathway (Shin et 

al., 2000). It may be differentiation of these cells that results in the formation of 

bone/fibrocartilaginous structures in retromalleolar fat pad (as observed in chapter 3 and 4).

Gap junctions were seen between fibroblasts in the fibrous region of the retromalleolar fat 

pad. Communication via cxn32 may stimulate collagen synthesis in response to 

mechanical loading sensed through integrin signalling, in a similar way to fibroblasts in the 

tendon (Waggett et al., 2006). This may explain the increasingly fibrous nature of the 

retromalleolar fat pad in aged rats (see chapter 3) and elderly cadavers (see chapter 4) 

which have been subject to mechanical loading during foot movement, thereby stimulating 

collagen synthesis over a prolonged period. Similarly, the presence of cxn32 in the 

connective tissue of the large nerve bundle may explain the increased amount of collagen 

demonstrated in the nerve supplying the retromalleolar fat pad in the aged rat (see chapter 

5). These junctions may co-ordinate the fibroblast cell population to increase collagen 

secretion in response to axonal degeneration (Ceballos et al., 1999; Eather et al., 1986) or 

mechanical loading (Waggett et al., 2006).
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Inflammatory Cell Populations in the Rat Achilles Tendon Enthesis Organ

Adipose tissues are well known to have immunological functions (as reviewed by - 

Fantuzzi, 2005) and the retromalleolar fat pad is no exception. A large population of 

histiocytes were demonstrated within the fat pad, for many cells within the tissue expressed 

CD68 -  a member of the lysosomal/endosomal-associated membrane glycoprotein family, 

highly characteristic of monocytes and macrophages (Damoiseaux et al., 1994). Two 

morphologically different populations of macrophages were identified in the fat pad; one 

round, the other dendritic. This parallels the two populations of macrophages reported in 

the greater omentum (Fischer et al., 1970). The latter structure provides a route for 

macrophages to enter the peritoneal cavity (Krist et al., 1995). If the macrophages present 

in the fat pad pass into the bursa in an analogous fashion, they may help to combat 

infection and remove cellular debris generated by wear and tear of the periosteal and 

sesamoid fibrocartilages during foot movement (Rufai et al., 1995). The demonstration 

that these cells were present on the fibrocartilages in older animals supports this idea, as 

there would be a build up of debris with wear and tear with age (Milz et al., 2004). This 

finding is however surprising, as these cells would be compressed during dorsiflexion 

between the sesamoid and periosteal fibrocartilages; however, this may be explained by 

looking at similar tissues; such as the intervertebral disc and periodontal ligament in which 

macrophages have also been identified (Carreon et al., 1996; Kawahara et al., 1992). These 

tissues are also under large levels of compression suggesting that such cells are resilient to 

compressive stresses. Interestingly, a small number of cells within the sesamoid 

fibrocartilage were also shown to express CD68. It may be that these cells are not invading 

macrophages at all, but resident fibrocartilage cells with the ability to phagocytose the 

surrounding extracellular matrix. Similar findings have been identified by Nerlich et al., 

(2002) in the intervertebral disc. These phagocytic fibrocartilage cells may play a role in 

degeneration and/or remodelling (Nerlich et al., 2002) of the sesamoid/periosteal 

fibrocartilages of the Achilles tendon enthesis organ.

The large population of histiocytes in the presumptive fat pad suggests that monocytes 

migrate to the fat pad, possibly attracted through the expression of MCP-1 expressed by 

preadipocytes (Gerhardt et al., 2001). This would ensure that macrophages are present 

within the fat pad at birth to migrate into the synovium and also retain a population within 

the fat pad throught life. The apparent decrease in number of CD68 positive cells in the fat 

pad is most likely due to differentiation of preadipocytes into mature adipocytes which

- 170-



Cell Interactions and Cell Composition o f the Retromalleolar Fat Pad in the Rat

express MCP-1 at lower levels (Gerhardt et al., 2001). Therefore, the reduced recruitment 

of monocytes, accompanied with the increasing size of the fat pad and differentiation of 

preadipocytes into large lipid filled adipocytes, may give the illusion that the number of 

histiocytes in the fat pad decreases. A qualitative assessment demonstrated a small 

increase in the number of histiocytes in the fat pad from the age of 1 month. This may also 

be related to the increasing amounts of cellular debris generating by wear and tear at the 

enthesis with increasing age (Milz et al., 2004). Furthermore, this may account for the 

increasing number of macrophages in the synovial membrane with age. Adipose tissue at 

entheses could also be a source of the macrophages present in patients with SpA 

(McGonagle et al., 2002). It is interesting to note that along with the Achilles tendon, other 

entheses commonly affected in SpA are also associated with significant quantities of fat at 

their entheses -  e.g. the proximal and distal attachments of the patellar tendon and the 

calcaneal enthesis of the plantar aponeurosis (Benjamin et al., 2004a).

MRP 14 labelling demonstrated a small population of infiltrating inflammatory cells (Odink 

et al., 1987) within the retromalleolar fat pad, which were usually associated with 

capillaries. These cells may have been attracted to the retromalleolar fat pad through 

secretion of TNF-a by macrophages or mast cells as they have been demonstrated to do so 

in inflammation of the peritoneum (Zhang et al., 1992). The number of positive cells 

increased with the age of the animal indicating that the region becomes more susceptible to 

damage -  resulting in inflammation with increasing age. Labelling of the endothelium was 

particularly prominent in the 24 month rat. Such labelling indicates that a large number of 

activated monocytes have migrated through the TNF-a activated endothelium suggesting 

chronic or acute inflammation of the tissue (Frosch et al., 2000). The co-expression of 

inflammatory cytokines and peptidergic fibres (see chapter 3) in aged specimens supports 

the idea that the fat pad may be a site of inflammation and pain in enthesopathies and old 

age. Cytokines (SP, CGRP and mast cell products) expressed by the immune cells 

described here are able to induce sensitisation of nociceptors indirectly through increasing 

production of nerve growth factor (NGF — a neurotrophic factor), which in turn results in 

an increase in the synthesis of SP and CGRP leading to hyperalgesia of nerve fibres 

(Donnerer et al., 1992; Leon et al., 1994; Lewin et al., 1993).

Cell-cell and cell-matrix interactions may play an important role in sensing mechanical 

loading in the fat pad. This may result in the increasingly fibrous nature of the fat pad with
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age in an attempt to reduce mechanical stress experienced. Additionally, adipose tissue 

may also be an important immune organ at healthy attachment sites. Macrophages within 

the fat pad may function by removing cellular debris and possibly protecting the enthesis 

organ from infection. They may also be implicated in autoimmune or autoinflammatory 

conditions such as SpA or RA.
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Chapter 7

7. DEVELOPMENT OF KAGER’S FAT PAD IN MAN

7.1. INTRODUCTION
In earlier chapters, a number functions have been considered for Kager’s fat pad, including 

stress dissipation, proprioception and providing a source of macrophages to protect the 

enthesis and remove debris from the retrocalcaneal bursa. Although, it is known that the 

retromalleolar fat pad of the rat develops within the first two postnatal weeks (H. Shaw, 

Unpublished observations), little is known of the development of Kager’s fat pad in man. 

Thus the aim of the present study is to describe the development of this fat pad in relation 

to that of the rest of the Achilles tendon enthesis organ and the neighbouring fat pad in the 

heel. It may be hypothesized that due to the similarities between an enthesis organ and a 

typical synovial joint, the sequence of development may be similar -  i.e. beginning with 

joint cavitiation and followed by the formation of the articular cartilages (equivalent of the 

sesamoid and periosteal fibrocartilages).

Brief Review
Despite the lack of information available on the development of the human Achilles tendon 

enthesis organ, the development of the enthesis organ in the rat has been well studied 

(Rufai et al., 1992). This is most likely due to the availability of material and ethical 

considerations. At birth the highly cellular Achilles tendon attaches to the cartilage anlagen 

of the calcaneus, and with continuing development, the cartilage rudiment is eroded 

through endochondral ossification, leaving only a small region of fibrocartilage at the 

attachment site derived from the cartilage rudiment. However, at the same time, 

fibrocartilage begins to develop and spread into the tendon itself to form the tendon 

attachment (Rufai et al., 1992). It is believed that fibrocartilage within the tendon develops 

in response to mechanical loading at the time when muscle activity and strength increases. 

This induces metaplasia of the tendon fibroblasts into fibrocartilage cells (Vogel and Koob, 

1989) - thus explaining the arrangement of the cells within longitudinal rows in the tendon 

(Rufai et al., 1992). This hypothesis has recently been confirmed by Thomopolous et al., 

(2007) in the shoulder of mice. The authors paralysed the supraspinatus muscle using 

botulism toxin A at birth and at several postnatal time points, the development of the 

fibrocartilaginous enthesis of supraspinatus was studied. The results demonstrated that 

paralysis of the muscle had little effect on the early development of the enthesis, indicating 

that at this stage, development is driven purely by genetic programming. However, 21 days
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postpartum, the development of the enthesis was dramatically affected -  delaying 

fibrocartilage development within the tendon and reducing bone mineralization. This 

substantiates the view that mechanical factors are essential for maturation of the enthesis 

fibrocartilage (Thomopoulos et al., 2007). In the neonatal rat, the sesamoid fibrocartilage 

in the deep surface of the Achilles tendon is absent, only developing at around 2 weeks 

after birth. With increasing age, the fibrocartilage becomes more metachromatic, but type 

II collagen is not present until at least 2 years of age suggesting that the sesamoid 

fibrocartilage also develops through metaplasia of tendon fibroblasts (Rufai et al., 1992). 

Again, the periosteal fibrocartilage also develops around 2 weeks postnatally, deriving 

primarily from the perichondrium of the calcaneus adjacent to the Achilles tendon. 

However, a small contribution may also be made from the synovial membrane which lines 

the retrocalcaneal bursa at birth (Rufai et al., 1992). Rufai et al., (1992) suggest that the 

stimulus for the development of the sesamoid and periosteal fibrocartilages is likely to be 

the onset of locomotion which leads to an increase in muscle power and thereby 

compression of the two regions is increased during movement. The retromallelaor fat pad 

was not considered in this study.

The development of Kager’s fat pad has however been briefly described by Fritsch, (1996) 

in man. At birth, Kager’s pad is not fully developed and in contrast to the adult, it is 

located at the medial border of the Achilles tendon. As a result, the Achilles tendon is 

pushed against the fascial covering of flexor hallucis longus and its associated tendon. 

Why the pad is located medially in the newborn is unknown, although it is likely that the 

short body of the calcaneus and the way in which the Achilles tendon curves medially and 

coils up under the calcaneus in the newborn may be responsible. During postnatal growth 

several changes occur; a gradual increase in size of the posterior segment of the calcaneus 

and an increase in the strength of the contractions of triceps surae, causing the Achilles 

tendon to be pulled into a more ventral and upright position, and pulling with it the growing 

Kager’s pad into its adult position, ventral to the Achilles tendon and posterior to the 

tendon of FHL (Fritsch, 1996).
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7.2. MATERIALS AND METHODS

7.2.1. Source of Material

The sections of embryonic material were part of the developmental biology collection in 

the department of Human Anatomy and Embryology at the Universidad Complutense, 

Madrid. Miscarried embryos were donated to the university with parents consent in 

accordance with Spanish law. All foetuses were staged by the curators of the collections, 

according to their cranial-rump length in mm (Patten, 1968).

7.2.2. Routine Histology
Routine histology was carried out as described in chapter 2. Additional stains used 

included Hansen’s Haematoxylin, VOF stain (VOF: light green -  orange G -  acid fuchsin), 

Azan technique, and Bielchowsky (silver) technique.
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7.3. RESULTS

The development of Kager’s fat pad was considered in relation to the development of the 

other components of the enthesis organ and also the neighbouring heel pad. The results are 

presented according to the CRL of the foetus and summarised in Table 7.3.1.

45mm Foetus - The highly cellular Achilles tendon showed little evidence of collagen 

fibrillogenesis and was attached to the perichondrium of the cartilage anlagen of the 

calcaneus (Fig 7.3.1 A and B). The continuation of the Achilles tendon insertion with the 

plantar fascia could clearly be seen (Fig 7.3.l.C). Anterior to the Achilles tendon, was a 

large mesenchymal condensation containing characteristic spindle shaped cells (Fig 7.3.l.B 

and D). This condensation was located in the presumptive Kager’s triangle, between the 

Achilles tendon, calcaneus and FHL. It was therefore considered to be the prospective 

Kager’s fat pad. A number of small blood vessels were present within the mesenchymal 

condensation (Fig 7.3.l.D). Furthermore, at this stage the presumptive heel pad was also 

mesenchymal in nature -  with no evidence of fat cell differentiation (Fig 7.3.l.E). The 

retrocalcaneal bursa of the enthesis organ was first observed at this stage and appeared as a 

small cavitation, lined with synovial cells, in the angle proximal to where the Achilles 

tendon attaches to the calcaneus (Fig 7.3.1. A and B). No other components of the enthesis 

organ were observed at this stage.

53mm Foetus -  Transverse sections of the Achilles tendon insertion at this stage indicated 

that the tendon appeared to attach primarily to the medial side of the calcaneus and the fat 

pad mesenchyme was located between the Achilles tendon and the bone (Figs 7.3.2.A and 

B).

57mm Foetus -  Sagittal sections confirmed the presence of the fat pad mesenchyme within 

Kager’s triangle at this stage. As at previous stages, the only evidence of enthesis organ 

differentiation was cavitation of the retrocalcaneal bursa (Fig 7.3.3. A).

110mm Foetus - The synovial bursa at this stage had increased in size and invaginating into 

the bursa, was the tip of the mesenchymal condensation which was destined to become the 

tip of Kager’s fat pad (Fig 7.3.4.A and B). However, adipoctye differentiation had yet to 

occur. The tip of the condensation was lined with synovium which reflected back on itself
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to line the proximal region of the retrocalcaneal bursa (Fig 7.3.4.B). Furthermore, large 

blood vessels could also be seen in the presumptive fat pad. However, in silver stained 

sections, no nerve fibres were evident (Fig 7.3.4.C), though they were present near the 

dorsal surface of the foot (Fig 7.3.4.D). At the same time, the periosteum on the posterior 

surface of the calcaneus had thickened (but without fibrocartilage differentiation) 

suggesting an early stage in the formation of the periosteal fibrocartilage (Fig 7.3.4.B).

177mm Foetus -  This was the first stage at which adipogenesis was evident within Kager’s 

fat pad (Fig 7.3.5. A, and B). However, in the fat pad of the heel, adipocyte differentiation 

had still not commenced, although thick fibrous septa were evident between collections of 

mesenchymal condensations (Fig 7.3.5.E) and Pacinian corpuscles were found in the region 

(Fig 7.3.5.F). With reference to the rest of the enthesis organ at this stage, the 

retrocalcaneal bursa was considerably larger and more defined; furthermore the superior 

tuberosity of the calcaneus had differentiated (Fig 7.3.5.C). On the posterior surface of the 

tuberosity, the perichondrium was still thickened -  but had not differentiated into a distinct 

fibrocartilage (Fig 7.3.5.D). Furthermore, at this stage, although fibrocartilage cells could 

not be identified at the Achilles tendon insertion, it was clear that the tendon was bending 

to allow the collagen fibres to insert at right angles to the calcaneus (Figs 7.3.5.C inset). 

This suggested that the matrix was somehow stiffened in this region.

332mm Foetus - At this stage, Kager’s fat pad contained a large number of adipocytes 

(although not fully enlarged) separated by a number of large fibrous septa. The pad also 

contained a number of nerve branches and blood vessels (Fig 7.3.6.A and B). Furthermore, 

the tip of the fat pad protruding into the retrocalcaneal bursa was slightly fibrous in nature 

(Fig 7.3.6.C) and adipogenesis had now also begun in the neighbouring heel pad (Fig 

7.3.6.D). It was also evident at this stage that rounded fibrocartilage cells were present on 

the surface of the developing sesamoid and periosteal fibrocartilages (Fig 7.3.6.E).
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Crown-
rump
length

Weeks
of
gestation

Bursa Kager’s fat 
pad
adipogenesis

Hoffa’s fat 
pad
adipogenesis

Heel pad 
adipogenesis

Sesamoid
fibrocartilage

Periosteal
fibrocartilage

45mm 9.5 + - - - - -

53mm 10.5 + - - - - -

57mm 10.5 + - - - - -

110mm 14.5 + - - - - -

177mm 19.5 + + + - - -

332mm 32.5 + + + + + +

Table 7.3.1: Summary of the development of the Kager’s fat pad in the context of the development of the 

rest of the Achilles tendon enthesis organ. + or -  indicates whether a particular feature was present or absent.
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FIGURES
Figure 7.3.1.

45mm FOETUS.

Figure A: A low power view of the Achilles tendon (black arrow) inserting into the calcaneus (C). The yellow arrow 
indicates the region highlighted in Fig B where a small cavitation was present between the superior surface of the 
calcaneus and the deep surface of the Achilles tendon. Hansen Haematoxylin. Scale bar = 1mm
Figure B: High power view of the retrocalcaneal bursa (black arrow). The yellow arrow indicates the point at which the 
highly cellular Achilles tendon (AT) attaches to the calcaneal (C) perichondrium. Superior to the retrocalcaneal bursa is a 
mesenchymal structure, believed to develop into Kager’s fat pad (FPM — Fat pad mesenchyme). VOF technique (light 

green, orange G and acid fuschin). Scale bar = 200pm
Figure C: High-power view of the continuation between the Achilles tendon and the plantar fascia via the

perichondrium. Scale bar = 300pm
Figure D: High-power view of the prospective fat pad (which is mesenchymal at this stage - FPM), proximal to the 
insertion (yellow arrow) of the Achilles tendon (AT) to the calcaneus (C). The black arrow indicates a small capillary 
present in the presumptive fat pad. This figure also shows that the retrocalcaneal bursa does not extend expand across the 

width of the entire tendon. VOF technique. Scale bar = 200pm
Figure E: The attachment of the plantar fascia (yellow arrow) to the calcaneal (C) perichondrium. Not that at this stage, 
the presumptive heel pad (HP) is also mesenchymal in nature. The black arrow indicates the plantar surface of the foot. 

Scale bar = 200pm
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Figure 7.3.2.

1mm

53mm FOETUS

Figure A i-iv: Transverse sections through the right foot. Note the attachment of the Achilles tendon (blue arrow) 
predominates on the medial side of the calcaneus (C) while the lateral aspect appears to remain free and rounded in 
appearance. Black arrow -  peroneus longus tendon, Red arrow -  flexor hallucis longus tendon, Yellow arrow -  flexor 
digitorum longus tendon, Green arrow -  posterior tibial artery, T -  talus,, N -  Navicular, Cu -  Cuneiform. Figures A i and 
iii - VOF technique, Figure A iv - azan technique. Scale bar = 1mm.
Figure B: High power view of transverse sections through the attachment of the Achilles tendon (AT) to the calcaneus 
(C) from proximal to distal, emphasizing its bilateral attachment (arrows). P - Perichondrium, FPM -  fat pad 
mesenchyme. Scale bar = 200pm.
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Figure 7.3.3.

57mm FOETUS

Figure A: A sagittal section showing the location of Kager’s pad mesenchyme (FPM) in Kager’s triangle which is 
bordered by the Achilles tendon posteriorly (black arrows), the calcaneus (c) inferiorly and flexor hallucis longus (FHL) 
anteriorly. Ti -  Tibia, T-Talus, red arrow -  plantar fascia. VOF technique. Scale bar = 1mm.
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Figure 7.3.4.

110mm FOETUS (Bielchowsky technique)

Figure A: Low power view of the Achilles tendon enthesis (red arrow). Note the presence of cartilage canals (black 
arrow) in the calcaneus (C). Highlighted area is enlarged in Fig B. . Scale bar = 1mm.
Figure B: High power view of the tip of the fat pad mesenchyme (black arrow) protruding into the retrocalcaneal bursa 
(red arrow). Note the thickened periosteum (P) on the posterior surface of the calcaneus. Scale bar = 200pm 
Figure C: The fat pad mesenchyme (FPM) in a silver stained section. Note the absence of visible nerve fibres. Arrow 

indicates a venule in the fat pad mesenchyme. Scale bar = 200pm.
Figure D: A positively-stained nerve fibre -  believed to be a digital nerve -  (arrow) was present in the mesenchyme near 
the dorsal surface of the foot (DF). Scale bar = 200pm.
Figure E: The plantar surface of the foot demonstrating the mesenchymal heel pad containing a large number of thick 

fibrous septa (black arrows). PF - plantar surface of the foot. Scale bar = 200pm.
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Figure 7.3.5.

177mm FOETUS (Bielchowsky technique).

Figure A: Low power view of the tip of Kager’s fat pad (FP) protruding into the retrocalcaneal bursa (red arrow) C- 
calcaneus. Note the reflections of the synovial membrane (black arrow) lining the tip of the fat pad and the proximal part 
of the retrocalcaneal bursa. P -  periosteum. Scale bar =200pm.
Figure B: High power view of the region highlighted in fig A. Note the differentiated adipocytes and the small capillary 

(arrow) within the fat pad (FP). Scale bar = 200pm.
Figure C: Low power view of the posterior region of the foot. Note the prominent superior tuberosity (red arrow) of the 
calcaneus (C) and bending of the collagen fibres in the Achilles tendon close to the insertion (black arrow and inset). T- 

tibia. Scale bar = 1mm.
Figure D: The retrocalcaneal bursa (RB) -  note the thickened perichondrium (P) on the superior tuberosity (ST) of the 
calcaneus adjacent to the Achilles tendon (AT). Scale bar = 200pm.
Figure E: The plantar surface of the foot (PF) illustrating the absence of any adipocyte differentiation (red arrow) in the 
heel pad of the foot. Note the thick fibrous septa (black arrow) separating collections of mesenchymal cells. C-calcaneus. 

Scale bar = 1mm.
Figure F: Low power view of the heel pad (HP) containing a Pacinian corpuscle. Sale bar = 300pm. Inset: High power 

view of the highlighted Pacinian corpuscle. Scale bar = 300pm.
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Figure 7.3.6.

332mm FOETUS (Hansen Hematoxylin)

Figures A and B: A high power view of Kager’s fat pad (FP). Note the single lipid droplets present within the 
adipocytes (A) and thick fibrous septa (arrows) separating groups of fat cells. Large nerve bundle (N) and blood vessels 
(BV) were also present within the fat pad. Scale bars = 300 pm (A) and 200pm (B).
Figure C: Higher power view of the fat pad (black arrow) -  fibrous in nature and protruding into the retrocalcaneal bursa. 
Note the thick perichondrium (P) covering the cartilaginous calcaneus (C) and the presence of cartilage canals (red arrow) 

in the calcaneus. AT- Achilles tendon. Scale bar = 1mm.
Figure D: Low power view of the Achilles tendon (AT) attaching to the calcaneus (C). Note the medial attachment of the 
tendon to the calcaneus (red arrow). The heel pad (HP) contains a large number of terminally differentiated adipocytes 

containing lipid droplets. Scale bar = 1mm. Coronal section.
Figure E: High power view of the retrocalcaneal bursa (RB) Note the formation of the sesamoid (red arrow) in the deep 
surface of the Achilles tendon (AT), and the developing fibrocartilaginous nature (black arrow) of the perichondrium (P) 

on the posterior surface of the calcaneus (C). Scale bar = 200pm.
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7.4. DISCUSSION

The formation of the retrocalcaneal bursa (lined with synovial cells) was the first evidence 

of the differentiation of the Achilles tendon enthesis organ during development. 

Subsequently, the bursa became larger and more defined, and the tip of the mesenchymal 

condensation, destined to become the bursal wedge of Kager’s fat pad, protruded into it. 

At the same stage, the perichondrium lining the posterior surface of the calcaneus 

thickened. At a later stage, the posterior tuberosity of the calcaneus became prominent, 

bending of collagen fibres was observed in the tendon at its attachment, and adipogenesis 

of Kager’s fat pad commenced. Intriguingly, mature adipocytes were evident in Kager’s 

fat pad before they appeared in the neighbouring heel pad. Differentiation of the periosteal 

and sesamoid fibrocartilages was the final stage in the appearance of an enthesis organ that 

was typical of an adult foot.

Initially, the developing Achilles tendon attached to the perichondrium of the calcaneus, as 

did the plantar fascia. However, previous studies have debated the continuity of these 

entheses in the adult (Milz et al., 2002; Snow et al., 1995). The current work shows that 

the continuity between the Achilles tendon and plantar fascia entheses reflects their 

development. As discussed previously, the linking of these two structures may be a 

functional adaptation to aid stress dissipation at the tendon insertion over a larger area 

(Benjamin et al., 2006). Therefore this connection during development may be particularly 

important as recent studies have demonstrated that the immature enthesis is 35% weaker 

than the mature, fully developed attachment site (Furikado et al., 2002).

Another observation highlighted by the current developmental study, was the apparent 

medial attachment of the Achilles tendon to the calcaneus. Similar observations have 

previously been reported by Fritsch (1996) who attributed this to the torsion of the 

calcaneus (Straus Jr, 1927) and therefore when sectioned this may give the illusion that the 

Achilles tendon does not attach across the width of the calcaneus - whereas in reality it 

does. This needs to be confirmed by further studies in which the whole area is 

reconstructed in 3D. However, in contrast to the view of Fritsch (1996), it is here 

suggested that the presumptive fat pad was located within Kager s triangle, between the 

Achilles tendon and flexor hallucis longus, rather than laterally. Once again 3D 

reconstructions are necessary to resolve the issue more satisfactorily.
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The first component of the enthesis organ to differentiate was the retrocalcaneal bursa and 

this appeared at 9,5 weeks of gestation. At this stage, the bursa, unlike that of the adult, 

was lined by synovial cells. It is likely that synoviocytes differentiated from the 

mesenchyme (continuous with the mesenchymal presumptive fat pad) which filled the 

space between the presumptive periosteal and sesamoid fibrocartilages i.e the interzone. 

Such a mechanism has previously been observed during the formation of synovial 

membrane in joints (Andersen, 1963; Andersen and Bro-rasmussen, 1961). This is the 

most logical part of the enthesis organ to develop first, as the hyaluronan-rich synovial 

fluid secreted by the synovium would facilitate movement of the Achilles tendon relative to 

the calcaneus during foot movements. With continued development, the bursa gradually 

increased in size and the tip of the presumptive fat pad protruded into the bursa. This is in 

line with the proposal of Theobald et al., (2006) that a protruding fat pad tip is required to 

prevent pressure changes occurring in the bursa during foot movements. During later 

development, the synovium lining the walls of the bursa disappeared, but remained as a 

covering for the tip of the presumptive fat pad protruding into the bursa. This is in line 

with earlier findings in the rat (Rufai et al., 1992). The retention of synovium over the tip 

of the presumptive fat pad is likely to facilitate the movement of the fat pad in and out of 

the bursa (Canoso et al., 1988). Loss of the synovial membrane on the surfaces of the 

Achilles tendon and perichondirum during development may be the result of compression 

of these two surfaces together during foot movement. However, it has also been suggested 

by Rufai et al., (1992) in the rat that the synovial membrane may contribute to the 

formation of the sesamoid and periosteal fibrocartilages. Clearly, the same may be true for 

man.

Although this study does not allow us to understand exactly at which stage of development, 

the 3 individual fibrocartilages of the enthesis organ differentiate, it was possible to 

conclude that they do not develop until adipogenesis has begun within Kager’s fat pad 

(around 19.5 weeks of gestation). The purpose of ensuring that adipocyte maturation in the 

fat pad occurred prior to fibrocartilage differentiation is unknown, although it may be an 

adaptation to ensure that the enthesis is protected from wear and tear during development, 

at a stage when fibrocartilage has yet to appear. Several changes were however observed 

in the presumptive fibrocartilaginous regions at this point. It was clear that the collagen 

fibres of the Achilles tendon began to bend to a greater degree proximal to its insertion and 

this may be facilitated by an increase in PG-rich matrix that was not evident in routine
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histology sections. Furthermore, the perichondium opposing the tendon became thicker 

and the superior tuberosity of the calcaneus was pronounced; while the deep surface of the 

Achilles tendon remained purely tendinous. These observations suggest that the 

presumptive enthesis and periosteal fibrocartilages begin to develop prior to the 

presumptive sesamoid fibrocartilage. This sequence of fibrocartilage formation was also 

observed in the rat by Rufai et al. (1992).

As described above, the presumptive Kager’s fat pad appeared at 9.5 weeks of gestation as 

a loose mesenchymal mass located in Kager’s triangle. However, due to the similar 

appearance of mesenchymal cells and pre-adipocytes it was impossible to differentiate 

between the two cell types in routine sections. Therefore, immunolabelling for pre

adipocytes (possibly with the use of Pref-1 (Smas and Sul, 1993) may prove useful for 

further studies to identify when the cells in this region become specified into pre

adipocytes. Mature fat cells were not present within Kager’s fat pad until 19.5 weeks of 

gestation, at which stage they were also be seen in Hoffa’s fat pad (H. Shaw, Unpublished 

observations). However, mature adipocytes were still not present in the heel fat pad at this 

stage. This may reflect the structural function of these pads in dissipating stress during 

movement. The observations suggest that adipocytes have differentiated in the knee and 

ankle to protect their associated structures -  i.e. entheses, while adipocytes within the heel 

pad have not differentiated as cushioning in this region in not yet required. However, it 

was clear that the heel pad was beginning to develop with the formation of fibrous septa, 

separating groups of mesenchymal cells/pre-adipocytes which will eventually develop into 

mature adipocytes. The fibrous compartments within the heel pad have previously been 

observed by Jahss et al., (1992) who suggested that this may contribute to the effective 

cushioning function of the fat pad. The formation of fibrous septa prior to adipogenesis 

contrasts with the observations in Kager’s fat pad, where thick fibrous septa are only 

observed later in development (32.5 weeks of gestation). In addition, nerve bundles could 

clearly be seen at 32.5 weeks of gestation within Kager’s fat pad, suggesting that the pad 

may contribute at this early stage to ankle joint proprioception. However, in further studies 

it would be necessary to identify the developmental stage at which nerve fibres can be 

found in the fat pad.

Although further studies are clearly required to obtain more information on the 

development of the enthesis organ, this study has demonstrated that the retrocalcaneal
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bursa was the first component of the enthesis organ to differentiate, in order to facilitate 

movement between the tendon and bone. Furthermore, it has also been established that 

adipocytes within Kager’s fat pad mature prior to the differentiation of the fibrocartilages 

of the enthesis. However, due to the rare nature of the material used in this study, only 1 

foetus at each stage could be examined which is a limitation that should be addressed in 

further work.
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Chapter 8

8. THE STRUCTURE AND INNERVATION OF OTHER

ENTHESES

8.1. INTRODUCTION
As described previously, there are two distinct types of tendon and ligament entheses 

namely; fibrocartilaginous and fibrous entheses. However, some muscles attach to bone 

without a tendon and these attachments are known as ‘fleshy’ or ‘muscular’ entheses. 

Chapter 3 discusses the structure and innervation of the classical fibrocartilaginous enthesis 

of the Achilles tendon in the rat. The purpose of the present chapter s to explore the 

structure and innervation of other entheses by routine histology and 

immunohistochemistry: The chosen entheses include (a) a muscular enthesis (the origin of 

tibialis anterior in the rat) (b) a classical fibrous enthesis -  the tibial insertion of the rat 

MCL and (c) the attachment of the suspensory ligament to the plantar surface of the third 

metatarsal bone in the horse. The suspensory ligament is a common sight of pathology 

leading to lameness in thoroughbred race horses.

Brief Review
8.1.1. Fibrous Enthesis of the Medial Collateral Ligament

A large number of studies use the rat or rabbit MCL as a model for ligament research, and 

as a result its development and growth has been studied in detail (Dorfl, 1980a; b; Gao et 

al., 1996; Hurov, 1986; Muhl and Gedak, 1986; Wei and Messner, 1996). The innervation 

of the mid portion of the MCL has also been considered (Ackermann et al., 1999; Delgado- 

Baeza et al., 1999; McDougall et al., 1997), however, the innervation of its fibrous enthesis 

has not been fully described.

Gross Anatomy
The MCL is located on the medial side of the knee, originating from the femoral diaphysis 

and inserting onto the tibial metaphysis. Its principle function is to stabilise and prevent 

lateral movement of the knee. In man, the tendons of sartorius, gracilis and semitendinosus 

cross the ligament to insert into the tibia, forming a multi-layered structure known as pes 

anserinus. This helps to strengthen and stabilise the medial aspect of the joint (Mochizuki 

et al., 2004), however, this structure is not seen in the rat. The proximal insertion of the 

MCL onto the medial epicondyle of the femur is fibrocartilaginous; this permits bending of 

the ligament during flexion and extension of the knee without causing damage and fraying
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of the ligament (Benjamin et al., 1986; Matyas et al., 1995). In contrast, the distal insertion 

of the MCL is fibrous and inserts onto the shaft of the tibia. (Fig 8.1.1.1.)

Figure 8.1.1.1: The location of the medical collateral ligament (MCL) in the rat knee. Blue arrow indicates 

the proximal fibrocartilaginous enthesis attaching to the medial condyle of the femur. Black arrow indicates 

the distal fibrous enthesis attaching to the shaft of the tibia.

Histological and Biochemical Structure o f the MCL

Due to the distinct similarity between the histological and biochemical structure of tendons 

and ligaments, this topic will only be briefly discussed here (for more information see 

chapter 1). However, it must be remembered that the proportion and arrangement of the 

molecular components varies within and between ligaments and tendons, primarily because 

of differences in loading patterns exerted (Rumian et al., 2007). Ligaments, like tendons, 

are dense fibrous connective tissues, composed primarily of bundles of type I collagen 

which are produced by the resident fibroblasts lying between these bundles. Chi et al., 

(2005) show that fibroblasts which reside in the MCL have a more complex structure than 

initially believed. With the use of SEM and TEM they showed that the cells, like those of 

the tendon, send out cytoplasmic projections from the cell body to envelop adjacent 

collagen bundles. However, these cells are not uniformly distributed along the row in 

which they lie and in contrast to tendons, a single row of cells cannot be followed along the 

length of the ligament. Instead, the cells weave - in a twisted fashion - through the ECM of 

the ligament (Chi et al., 2005). They also demonstrated by TEM, that an extensive 

pericellular matrix surrounds the fibroblasts, and that these cells interact with this matrix
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via short membrane extensions to increase the surface area. This arrangement may 

facilitate the exchange of information and material between the cell and the surrounding 

ECM (Chi et al., 2005). Furthermore, the shape of the fibroblasts residing within the 

ligament is altered in response to mechanical loading (Matyas et al., 1994). This, in turn 

may alter the metabolism of the fibroblast allowing appropriate modification of the ECM 

(Banes et al., 1999; Matyas et al., 1994).

Innervation and Blood Supply o f the MCL

The innervation of the knee joint has been widely studied with various techniques including 

silver-staining, gold chloride and immunohistochemistry. Such techniques have 

demonstrated that both myelinated and un-myelinated nerve fibres occur most frequently 

within the epiligament. McDougall et al., (1997) have reported that these fibres run parallel 

to the collagen strands of the epiligamentous tissue, and the fibres subsequently enter the 

main substance of the MCL via accompanying blood vessels or as free nerve endings. 

These fibres then branch into the deeper layers of the tissue. The myelinated nerve fibres 

within the tissue usually end as simple (type IV - un-encapsulated) nerve endings (74%), 

however, some terminate in specialised Golgi (type III endings - 4%), Ruffini (type I 

endings - 9%), or Panician (type II endings - 11%) endings conveying mechanoreceptive 

information to the CNS (Delgado-Baeza et al., 1999). The presence of such endings 

confirms the complex role that the MCL plays in knee joint proprioception (McDougall et 

al., 1997). Ackermann et al., (1999) have also demonstrated the presence of nociceptive 

nerve fibres containing SP and CGRP in the epiligamentous tissue of the MCL. These 

fibres are believed to play an important role in vasoregulation, pro-inflammatory processes, 

and possibly healing of the tissues in which they are contained (Ackermann et al., 1999; 

McDougall et al., 1997). In addition, sensory modulating fibres containing galanin and 

somatostatin have also been identified in the ligament and its surrounding tissue. These 

fibres inhibit inflammation and nociception. With the use of radioimmunoassay, it was 

established that ligaments and capsules contain a greater number of sensory modulating 

fibres than sensory peptidergic fibres when compared with tendons. It is suggested that this 

may reflect the greater vulnerability to pain and inflammation in tendons, as well as the 

difference in function of these two connective tissues (Ackermann et al., 1999)

The sympathetic nervous system may also play an important role in the structure of the 

MCL. Dwyer et al., (2004) blocked the sympathetic nervous system in the rat MCL with
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quanethidine - used to treat pain in orthopaedic diseases. They demonstrated that this 

treatment lead to alterations in the levels of degenerative enzymes within the tissue, which 

may at a later stage lead to pathology (Dwyer et al., 2004). Furthermore, innervation of the 

rabbit MCL is believed to be essential for early healing responses. Neuropeptides released 

from nerves at damaged sites may function to improve angiogenesis through increasing 

vascularity or may directly help to repair the damaged tissue (Ivie et al., 2002).

The vasculature of the MCL may also have an important role in healing. The normal 

ligament is relatively hypovascular, with the majority of the blood vessels contained within 

the loose connective tissue of the epiligament. These vessels are randomly dispersed, 

which contrasts with the intra-ligamentous vessels that run, in an organised fashion, 

parallel to the collagen fibres bundles of the ECM. Despite the gross visible presence of 

blood vessels in the ligament, only approximately 1.5% of the total available ligament 

matrix is occupied by vasculature. The number of blood vessels in the ligament increases 

dramatically during healing, these vessels are organised randomly, in contrast to the normal 

structure (Eng et al., 1992). With continued healing this vasculature regresses, and is 

replaced with a more organised arrangement in the scar tissue (Bray et al., 1996).

Structure of the Fibrous Enthesis o f the MCL

As described previously, fibrous entheses can be categorised into two groups: (a) periosteal 

- where the tendon attaches to the periosteum, which in turn attaches to the underlying 

cortical bone and (b) bony - where the periosteum is absent and the tendon inserts directly 

into the bone. In most animals a periosteal entheses can become a bony one following 

closure of the growth plate. As described in detail in chapter 1, the insertion of the MCL 

onto the tibia is a complex multi-layered structure that alters during development and 

growth. In the adult, the attachment is composed of four layers. Layer I is a delicate, 

connective-tissue continuous with the superficial layer of the periosteum distally. Layer II, 

formed from densely packed collagen fibres of the ligament pass through the periosteum. 

Some of these fibres insert into the underlying cortical bone -  these are believed to be the 

perforating fibres of Sharpey. Layer IV (layer III is lost during development) is a thin layer 

of mineralised ligament which thickens progressively with age. Collagen fibres of this 

layer are continuous with layer II, however the layers are distinguished by a mineralization 

front which is basophilic in haematoxylin and eosin stained sections. The lamellar bone of 

the tibial cortex forms the final layer (layer V) (Matyas et al., 1990).
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Development and Postnatal Growth o f the fibous enthesis o f MCL 

Wei and Messner (1996) studied in detail, the postnatal growth of the MCL in the rat knee, 

by routine histology. At birth, the fibres of the MCL attach obliquely to the periosteum 

forming three layers; the ligament, periosteum, and metaphysial bone. With growth, the 

cellular nature of the ligament is reduced and the collagen fibres become more 

longitudinally arranged. From day 8, osteoclastic activity on the periosteal side of the 

bone, increasingly erodes the bone to form a metaphysial depression which is deepest at its 

proximal part. As a result, osteoclasts are present primarily in this region up to day 55. 

Following this stage, their numbers reduce and the periosteum thins out. At the distal part 

of the depression, the fibres of the ligament and periosteum weave together and attach 

obliquely into the underlying trabecular bone, where some of these fibres become cemented 

into the bone. At day 90, the ligament is still attached to bone via the periosteum, however, 

by this time the periosteum is much thinner. The cells within it are elongated and flattened, 

and only a very small number of osteoclasts are present. It is only at day 120 that 

development of the insertion is complete, the ligament inserts directly into the bone to form 

a bony enthesis and all osteoblast or osteoclast activity has ended (Wei and Messner, 

1996). The use of metallic markers has shown that the insertion migrates at the same 

speed, and in the same direction as the neighbouring periosteum. Therefore the indirect 

attachment of the ligament to bone during early stages of development allows the ligament 

to migrate towards the epiphysis, ensuring that it maintains its position with respect to the 

joint cavity (Dorfl, 1980a; b; Muhl and Gedak, 1986).

8.1.2. ‘Muscular’ Enthesis of Tibialis Anterior

The principle function of a tendon is to transfer the force generated by muscle to bone in 

order to produce locomotion. However, some muscles do not possess tendons because the 

angle at which the muscle acts is insignificant (Benjamin and Ralphs, 1997). The 

attachment of such muscles is described as forming ‘fleshy’ or ‘muscular’ entheses. 

However, such entheses are little studied and textbook descriptions simply suggest that the 

mechanism of attachment is via the connective tissue (epimysium) which surrounds the 

attaching muscle. The connective tissue then attaches to the periosteum and the periosteum 

in turn attaches to the underlying cortical bone (Benjamin et al., 2002).
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It is surprising that this form of attachment site has not previously been studied because it 

is suggested that repeated microtrauma to the fleshy origin of tibialis anterior or tibialis 

posterior may cause the pain associated with shin splints. However, ‘shin splints’, is used 

as an umbrella term to describe chronic pains in the area between the knee and ankle. Pain 

in this region can be the result of a number of different problems including - tibial 

periostitis, exertional compartment syndrome, and also stress fractures of the tibia. These 

pathologies are usually a consequence of extended periods of excessive strain (Pecina and 

Bojanic, 1993). As a result there has been much debate as to the cause of pain in this 

region. Therefore, describing the innervation of the muscular attachment of tibialis 

anterior may shed some light on this discussion.

Only a small number of articles have referred to the presence of muscular/fleshy 

attachments, and no detailed study focussing on this form of attachments has been made 

(Benjamin et al., 2002). Suzuki et al., (2002) provides one of the most comprehensive 

descriptions from the limb muscles of the lizard. They reported that these fibres approach 

the bone at varying angles, some of these muscle fibres appeared to be in direct contact 

with the periosteum without the presence of loose connective tissue from the epimysium. 

The significance of this is not been discussed. Hurov et al., (1986) described the fleshy 

attachment of popliteus. The author has shown that the epimysial connective tissue inserts 

into the periosteum and that some of these fibres pass through the periosteum and terminate 

on the surface of the lamellar bone. He also demonstrated the presence of periosteal elastic 

fibres arranged in layers at the attachment site (Hurov, 1986).

Recently, (Chen et al., 2006) used a lacZ reporter construct, under control of endogenous 

PHrP in an attempt to illustrate the widespread expression of PTHrP. The authors 

demonstrate that lacZ positive cells are present at muscular attachment sites. It appears as 

though these cells are present within the connecting epimysium of the muscle attachment, 

however, the function of PTHrP at these sites is not understood (Chen et al., 2006). PTHrP 

may have a role in regulating local growth of the periosteum in response to mechanical 

stimulation/periosteal tension from the attached muscle (Hurov, 1986).

Gross Anatomy of Tibialis Anterior
The principle function of tibialis anterior is dorsiflexion and inversion of the foot. The 

muscle originates from the margin of the lateral condyle, the tuberosity, and the ventral
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crest of the tibia, passing superficially over the anterio-lateral surface o f the leg (Fig 8.1.2.7 

and 2). Its tendon passes under the annular ligament, crosses to the medial surface of the 

foot and inserts into the first cuneiform bone and the proximal end o f the first metatarsal. 

Tibialis anterior is vascularised by the anterior tibial recurrent and muscular branch of 

anterior tibial arteries and receives its innervation from the deep peroneal nerve (Greene, 

1935).

Figure 8.1.2.1. The location o f tibialis anterior (TA) in the shank o f the rat. PT -  patellar tendon, TP -  

Tibialis posterior, DMR -  dorso-medial ridge of the tibia.
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Extensor S u r j e c e  oĵ  l i f c n a  end Fibula

la te

 c r e s t

Flexor S u r f a c e  of T i b i a  and  F ib u la

Figure 8.1.2.2:, The anatomy of the rat tibia and fibula indicating the lateral condyle, tuberosity and the 

ventral crest of the tibia where tibialis anterior originates (Greene, 1935).

The Myotendoinous Junction

The myotendinous junction (MTJ) shows both molecular and morphological specialisations 

for the transmission o f force from cytoskeletal proteins in a contractile muscle cell to 

extracellular structural proteins o f the tendon. The interface membrane between muscle 

and tendon is highly convoluted and the tendinous collagen fibrils insert into deep recesses 

which are formed by the finger-like processes o f  the muscle cells. These invaginations 

increase the surface area, leading to a reduction in the force-per-unit area applied and plays 

an important role in reducing stress and dissipating shear caused by high levels of muscular 

contraction (Tidball, 1991). A similar structure is seen at the myofascial junction in the rat 

calf muscles (Jarvinen et al., 1992). Force, generated by the muscle, is transmitted through 

a chain of proteins namely, vinculin, talin, integrin, fibronectin and collagen, which form 

strong focal contacts. However, other structural proteins such as myonexin and dystrophin, 

which are specifically found at MTJs may also play a role in force transmission (Tidball, 

1991). Jarvinen et al., (1991) describe the presence o f heparin sulphate, chondroitin
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sulphate and or dermatan sulphate specifically in the sarcolemma and ECM of terminal 

muscle cells. The presence of these various polysaccharides may increase the adhesive 

force between the muscle cell membrane and the collagen fibres of the tendon (Jarvinen et 

al., 1991). Tenacin-C, an ECM glycoprotein, is also present at the myotendinous junction, 

and other locations which transmit high mechanical forces from one tissue to another 

(Jarvinen et al., 1999; Jarvinen et al., 2000; Kannus et al., 1998). At the myotendinous 

junction, tenascin-c expression is regulated by mechanical loading (Jarvinen et al., 2003). 

Despite its highly specialized adaptations, the myotendinous junction is described as the 

weakest point in the muscle-tendon unit (Jarvinen et al., 1991). Therefore, this study will 

examine the expression of actin and vinculin at the muscular enthesis to establish if there 

are any similarities to the myotendinous junction even though there is effectively no tendon 

present.

The main collagenous component of the myotendinous junction is type I collagen. 

However, type III is also present at the tissue interface - on the surface of the muscle cells 

(Jarvinen et al., 1991). In addition, a novel collagen type (collagen XXII) has been 

identified which is present only at tissue interfaces, such as the myotendinous junction in 

skeletal muscle. Collagen XXII, a member of the fibril-associated collagens with 

interrupted triple helices (FACIT), is synthesized by muscle cells close to the MTJ and 

deposited into the basement membrane between the finger-like processes of the muscle 

cells. It is hypothesized that collagen XXII at the MTJ may play a role in binding the ECM 

components of the basement membrane (Koch et al., 2004). Furthermore, Astrow et al., 

(1992) have generated a monoclonal antibody named 3G2 against a 41 kDa protein. This 

protein is present at the myotendinous junction but is also identified within the 

subsarcolemma where it outlines the synaptic gutters of the neuromuscular junction. It is 

believed that this protein may also have a function in stabilizing the connection between 

the extracellular matrices, thereby maintaining structural integrity during muscular 

contraction at both myotendinous and neuromuscular junctions (Astrow et al., 1992).

Experiments into the effect of immobilization on the MTJ have demonstrated that 

degenerative changes occur, causing a decrease in the tensile strength and may predispose 

the region to rupture. The main changes identified with immobilisation include a reduction 

in the contact area between the muscle cells and collagen fibres, a shallowing or atrophy of 

the muscle finger-like processes and a significant decrease in the quantity of sulphated
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GAGs. In addition, the amount of collagen type III was seen to increase, although the 

quantity of collagen type I was unaffected (Kannus et al., 1992). Similar degenerative 

changes are also observed when soleus is tenotomised at the muscle-tendon junction. 

These changes were almost completely restored 5-6 weeks following tenotomy (Abou 

Salem et al., 1993a; Abou Salem et al., 1993b).

During development, the formation of the MTJ begins with an accumulation of ECM in the 

presumptive junctional region at the end of the myotube. Subsequently, the basement 

membrane appears; initially in the form of membrane-associated ECM accumulations on 

the lateral surfaces of the cells. Both fibroblasts and myogenic cells contribute to the 

deposition of this ECM material. Laminin is the first major basement protein to be 

identified in the developing MTJ. Myofibrils then associate with the developing junctional 

membrane where subsarcolemmal densities of mitochondria are present corresponding with 

increasing levels of talin (involved in membrane fold formation and mediate myofibril - 

cell membrane associations). Following the appearance of talin, membrane folding occurs 

and the muscle cells form digit like extensions into the surrounding connective tissues. 

Once the initial structure is formed, the only changes which occur are increases in the 

number of subsarcolemmal densities, myofibril-membrane associations, and increased 

junctional membrane folding (Tidball and Lin, 1989).

Innervation of the Myotendinous Junction

As described previously, the MTJ is under a large degree of mechanical stress at the tissue 

interface. Consequently, there is a need for movements occurring in this region to be 

monitored. For this reason, the myotendinous junction has a large population of various 

mechanoreceptors along with free nerve endings which conduct sensory information to the 

CNS. Ruffini corpuscles are present in both the muscular and tendinous regions, while 

Pacinian corpuscles predominate on the tendon side. In contrast, Golgi-tendon organs are 

present primarily on the muscular side within the anchoring connective tissue (Jozsa et al., 

1993). During development, a temporary neuromuscular contact is present in the MTJ. Up 

to the 5th postnatal day, sensory axon terminals form neuromuscular contacts in the muscle 

fibre fascicles connected with differentiated Golgi tendon organs. However, following the 

5th day postpartum, the terminals become detached from the muscle fibres leaving only
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those present within the collagen bundles o f the tendon organ. The function and 

significance of these temporary neuromuscular contacts is unknown (Zelena, 1976).

8.1.3. The Origin of the Suspensory Ligaments in the Horse 

Gross Anatomy

The suspensory ligament attaches proximally to the plantar surface of the third metatarsal 

bone at the hock joint; but also arises in part from the plantar tarsal fascia (Fig 8.1.3.1). 

The ligament extends down to posterior surface o f the metatarsal, flanked by the 2nd and 

4th metatarsal bones, deep to the deep flexor tendon. There is a considerable amount of 

muscle contained within the ligament - forming the third interosseous muscle. This muscle 

is believed to play an important role in storing elastic energy during locomotion, and 

dampening low frequency vibrations (Soffler and Hermanson, 2006). At the distal part of 

the metatarsus the ligament bifurcates and each branch attaches to a sesamoid bone at the 

back of the fetlock. From here, the ligament has several attachments: (a) two paired 

extensor processes pass medially and laterally around the digit and inset onto the tendon of 

the common digital extensor muscle, (b) a straight sesamoidian ligament, continues 

caudally inserting onto the 2nd phalanx, (c) the straight ligament is flanked by two oblique 

sesamoidean ligaments attach to the 1 st phalanx. The primary function o f the ligament is 

to support the fetlock joint (metatarso-phalangeal joint) and protect it from hyperextension 

during exercise (Soffler and Hermanson, 2006).

Figure 8.1.3.1: Sagittal section through the proximal attachment (red arrow) of the suspensory ligament 

(arrows) to the third metatarsal bone (M ill). Part o f the ligament also arises from the plantar tarsal fascia
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Pathology of the Origin of the Suspensory Ligament

The proximal attachment of the suspensory ligament is prone to pathology causing 

lameness in thoroughbred race horses. Pathologies associated with the enthesis of the 

ligament are generally either associated with the bone, leading to enthesophytes, sclerosing 

and re-orientation of the trabeculae, and avulsion fractures; or soft tissue lesions at the 

enthesis (Dyson, 1988). The majority of studies on the suspensory ligament use 

ultrasonography and radiology to assess pathological changes (Dyson, 1991), while few 

histological assessments have been made of normal or pathological entheses. 

Consequently, very little is known about the cause of pain and pathology in these regions. 

Current strategies for treatment of these pathologies are minimal but include, 

extracorporeal shock wave therapy (Crowe et al., 2002; McClure et al., 2004), and 

neuroectomy associated with fasciotomy (Bathe, 2001). Both treatments have been shown 

to have beneficial results.
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8.2. MATERIALS AND METHODS

8.2.1. Source of Material

Five white male Wistar rats aged 4 months were obtained from accredited commercial 

suppliers for this study on the MCL and tibialis anterior. Equine material (1 normal foal, 1 

normal adult, 1 pathological adult limb) was obtained by Andrew P. Bathe from Rossdales 

Equine Hospital, Newmarket, UK.

8.2.2. Rat Dissection Procedure

Rats were killed with an overdose of carbon dioxide followed by cervical dislocation. The 

hind-limbs were skinned and amputated. The knee was disarticulated by cutting through 

the cruciate and collateral ligaments. The tibia and fibula were cut midway down the shank 

with bone cutters and the tibia bisected sagittally, leaving the origin of tibialis anterior 

attached to the lateral side of the head of the tibia. Finally, the distal attachment of the 

MCL was dissected -  ensuring that the ligament remained attached to the medial side of the 

tibia. Tissues were kept moist at all stages during dissection with 0.1M PB.

8.2.3. Routine Histology

Routine histology was carried out as described in chapter 2.

8.2.4. Immunohistochemistry
Immunofluorescence and immunoperoxidase labelling was carried out as described in 

chapter 2 using the antibodies against, PGP 9.5, NF200, CGRP, SP, actin and vinculin (see 

Table 2.1).

i
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8.3. RESULTS

8.3.1. Routine Histology

The Fibrous Insertion of the Medial Collateral Ligament

The MCL approached the bone at an acute angle and its attachment was spread over a wide 

area. The MCL was composed of regularly arranged collagen bundles interspersed with 

elongated cell nuclei (Fig 8.3.1.A). At the insertion, the 4 layers of the attachment can be 

seen (Fig 8.3.1.A). The most superficial layer (layer i) merged with the superficial fibrous 

layer of the periosteum at the distal end of the attachment. Deep to this, layer ii contained 

tightly packed parallel bundles of collagen fibres; the cells which reside in this layer 

resembled those of the ligament itself -  containing flat elongated nuclei. It was possible to 

see the fibres from this layer insert into the underlying bone (Fig 8.3.1.B). The deepest 

layer (layer iii) of the attachment, lay just above the cortical bone and was composed of 

relatively loose, disorganised fibrous connective tissue containing rounded nuclei. This 

layer is continuous with the osteogenic layer of the periosteum proximal to the attachment 

and is thickest at the proximal part of the attachment site where the metaphyseal depression 

is located (Fig 8.3.1.A). Layers ii and iii are both highly cellular (Fig 8.3.1.A-C). The 

tibial bone forms the final layer of the attachment.

However, this 4 layered structure is difficult to identify, especially in fluorescence images. 

Therefore a simplified description will be used in this study. The ligament attachment will 

be described with 3 layers which can be easily distinguished from each other -  (1) the 

ligament itself (identified by the elongate nuclei arranged in rows) (2) the attachment of the 

ligament to the periosteum (which can be distinguished by its highly cellular appearance) 

(3) the underlying cortical bone (Fig 8.3.1 .C).

The ‘Muscular’Attachment o f Tibialis Anterior
The muscle fibres of tibialis anterior (TA) are anchored to the fibrous layer of the 

periosteum by loose connective tissue (Fig 8.3.2.A and B). The fibrous layer of the 

periosteum in turn attaches to the highly cellular, osteogenic layer, which subsequently 

attaches to the underlying cortical bone (Fig 8.3.2.A-D). The junction between the fibrous 

and osteogenic periosteum is relatively smooth while the border between the cortical bone 

and osteogenic periosteum is irregular. This irregular border is present throughout the 

periosteum (Fig 8.3.2.A-D). Blood vessels were present at the muscle attachment site,
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either running at right angles to the bone or running along the surface of the periosteum 

(not shown).

Muscle fibres at the attachment arise from the bone at varying angles depending largely on 

their location. Where the muscle fibres arise from the shaft of the bone, the fibres leave at 

an acute angle (Fig 8.3.2.C), while those attached to the underside of the condyle arise at 

right angles (Fig 8.3.2.B). It was also noted that where the muscle fibres attach at right 

angles to the periosteum, the fibrous layer of the periosteum was thicker and a large 

amount of connective tissue anchoring the muscle to the periosteum appears to be present, 

in contrast to where the muscle fibres arise at a more acute angle (Fig 8.3.2.A-B). In 

addition, mast cells were present at the junction between the muscle and the periosteum 

(Fig 8.3.2.D). It is also clear from Fig 8.3.2. A. that the fibres of the fibrous and osteogenic 

periosteum appear to run in opposite directions. The fibres of the fibrous periosteum are 

coarser and run downwards at an oblique angle, whereas the fibres of the osteogenic 

periosetum are finer and pass obliquely upwards.

The Origin of the Suspensory Ligament o f the Horse
Normal ligament: In the foal, the origin of the suspensory ligament was mixed with both 

fibrous and fibrocartilaginous attachments (Fig 8.3.3. A). The most proximal part of the 

attachment merged with the articular cartilage of the metatarsal bone (Fig 8.3.3.B). The 

distal part of the attachment is purely fibrous, attaching first to the thick periosteum (Fig

8.3.3.C). A small amount of fat was present in the insertional angle between the ligament 

and the bone (Fig 8.3.3.C) and muscle fibres were obviously present within the ligament at 

a distance from the enthesis (Fig 8.3.3.D).

In the adult, the enthesis of the ligament was primarily fibrocartilaginous. Its proximal 

attachment showed an obvious tidemark, and a layer of CFC. The amount of uncalcified 

fibrocartilage, was however minimal with only a small number of rounded chondrocytes on 

the ligament side of the tidemark (Fig 8.3.4.A). The attachment of the ligament was 

frequently invaded by blood vessels and adipocytes originating from the ligament proper 

(Fig 8.3.4.B). Small bony spur formations were also observed (Fig 8.3.4.C). The quantitiy 

of insertional angle fat was much larger than in the foal. Several slips from the distal part 

of the ligament were observed to pass through this fat, to attach onto the shaft of the bone. 

The attachment of these slips appeared to be bony rather than fibrocartilaginous (Fig
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8.3.4.D). The wedge of adipose tissue at the insertional angle contained a large number of 

blood vessels and some nerve branches (Fig 8.3.4.E) along with a number of type II nerve 

endings (Pacinian corpuscles - between 400 and 800pm in size) within the adipose tissue. 

These encapsulated nerve endings were of characteristic appearance; an ovoid structure 

composed of a central nerve surrounded by a large number of connective tissue layers (Fig

8.3.4.F). In some sections, Pacinian corpuscles were observed at the insertional angle -  i.e. 

between the ligament and the periosteum (Fig 8.3.4.G). Muscle fibres, as in the foal were 

present, within the ligament (Fig.8.3.4.H).

Pathological Ligament: There was a large amount of adipose tissue (Fig 8.3.5.A) within 

the ligament, just posterior to the enthesis. This adipose tissue contained a large number of 

blood vessels and nerve bundles (Fig 8.3.5.B). The pathological tissue appeared to 

originate from the posterior surface of the ligament, by following blood vessels. Small 

groups of inflammatory cells were also observed within the pathogical adipose tissue 

located within the ligament (Fig 8.3.5.C). Due to difficulties with sectioning this material 

is was difficult to determine differences between the normal and pathological entheses, 

however a number of blood vessels invaded into the enthesis itself from the adipose tissue 

within the ligament (Fig 8.3.5.D).

8.3.2. Immunohistochemistry

Innervation of the Fibrous Insertion o f the Medial Collateral Ligament
Immunohistochemical labelling with PGP 9.5, CGRP, SP, and NF200 illustrate that no 

nerve fibres were present within any layer of the fibrous attachment of the medial collateral 

ligament (Fig 8.3.6-8.A-D). In contrast to the aneural nature of the attachment of the MCL, 

nerve fibres immunoreactive to PGP 9.5 were identified in the loose connective tissue 

surrounding the ligament (epiligament). These nerve fibres were either ‘free’ or associated 

with small blood vessels. Proximal to the ligament attachment, nerve fibres were present in 

the connective tissue between the deep surface of the MCL and the underlying periosteum 

-  i.e. in the insertional angle (Fig 8.3.6.F). Nerve fibres were also present in the 

periosteum adjacent to the attachment site (Fig 8.3.6.E). Nerve fibres immunoreactive to 

NF200 were present primarily in the connective tissue, on both surfaces of the ligament 

(Fig 8.3.7.E). The periosteum adjacent to the attachment was also innervated with NF200 

immunoreactive nerve fibres (not shown).
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Substance P and CGRP labelling demonstrated a similar pattern of nerve fibre distribution. 

Blood vessel associated fibres immunoreactive to SP and CGRP were present in the 

connective tissue between the MCL and the periosteum (Fig 8.3.8.E-G). In addition, nerve 

fibres were present in the periosteum adjacent to the ligament (not shown). Although the 

pattern of SP and CGRP nerve fibres were similar, there appeared to be a predominance of 

CGRP fibres in comparison to SP fibres.

Structure and Innervation of the ‘Muscular’Attachment o f Tibialis Anterior

Many nerve fibres immunoreactive to PGP 9.5 were present within the muscle body of 

tibialis anterior and the periosteum (Fig 8.3.10. A and B). Some of these nerve fibres were 

associated with blood vessels (Fig 8.3.10.A). A number had a characteristic coiling pattern 

(Fig 8.3.10.C) and others resembled motor-end plates (Fig 8.3.10.D). Of particular interest 

was the occurrence of nerve fibres at the muscule enthesis -  they were frequently present 

within the connective tissue which attaches the muscle fibres to the periosteum (Fig 

8.3.10.E-F). In the majority of specimens, spindle-like structures were present close to the 

point where the muscle attaches to the periosteum (Fig 8.3.10.G-H).

Neurofilament 200 immunoreactive nerve fibres were also distributed at and around the 

muscular enthesis. As seen in PGP labelling, bundles of nerve fibres ran along the surface 

of the periosteum and between the fascicles in the muscle body. A large number of these 

were blood vessel associated (not shown). Once again, spindle like structures were present 

close to and at the muscle attachment site (Fig 8.3.1 l.A-E). In addition, there were many 

NF200-immunoreactive nerve fibres in both layers of the periosteum (Fig 8.3.11.F).

Substance P and CGRP immunoreactive nerve fibres were a feature of both the fibrous and 

osteogenic layers of the periosteum of the muscular enthesis (Fig 8.3.12.A, B and E). 

However, neither fibre was observed on the muscle side of the attachment unless they were 

in association with blood vessels (Fig 8.3.12.C, D and F). Furthermore, where tibialis 

anterior attaches to its overlying fascia, blood-vessel associated and free CGRP and SP 

immunoreactive nerve fibres were present (not shown). No coiled nerve fibres were seen 

in sections labelled with CGRP or SP.

At the muscular enthesis, vinculin was observed in the muscle at its most distal point (Fig 

8.3.13.A). The labelling pattern showed that the distal part of the muscle fibre was highly
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invaginated and these invaginations labelled strongly for vinculin (Fig 8.3.13.B). Actin 

labelling was present throughout the muscle fibres (Fig 8.3.13.C). At the distal part of the 

muscle fibre, the invaginations could be seen again as terminations of the actin filaments 

(Fig 8.3.13.D). Figures 8.3.13 E, F and G (PB, rabbit IgGs and mouse IgGs respectively) 

illustrated that labelling could not be dismissed as non-specific.

Innervation of the Origin o f the Suspensory Ligament in the Horse

Normal ligament: There were no PGP 9.5 immunoreactive nerve fibres present within the 

cartilaginous attachment of the ligament in the foal (Fig 8.3.14.A). Neither were any fibres 

present at the fibrous attachment of the ligament to the thick outer layer of the periosteum 

(Fig 8.3.14.B). However, a number of nerve fibres were observed between the inner and 

outer layers of the periosteum (Fig 8.3.14.B) and isolated nerve bundles and blood-vessel 

associated nerve fibres were present in the endoligament. Nerve fibres were also seen in 

the insertional angle fat (i.e. the fat located between the ligament enthesis and bone). 

These fibres were either ‘free’ or blood-vessel associated (Fig 8.3.14.C and D). Within the 

insertional angle fat, specialised nerve endings, resembling Meissner’s corpuscles, were 

identified (Fig 8.3.14.E). The labelling pattern was similar in the adult. The insertional 

angle fat -  was highly innervated with a large number of nerve bundles and blood-vessel 

associated nerve fibres (Fig 8.3.15.A and B). Some of these nerve bundles were located 

very close to the insertional angle (Fig 8.3.15.A). The fibrocartilaginous enthesis of the 

ligament was largely aneural, although small nerve fibres were present within regions 

where blood vessels and adipocytes invaded into the enthesis fibrocartilage (Fig 8.3.15.C 

and D). In addition, a large number of nerve fibres were identified in the inner layer of the 

periosteum covering the metatarsus (Fig 8.3.15.E).

Pathological Ligament: A large number of nerve bundles and endings (Fig 8.3.17.A and

B) were observed within the ‘pathological’ adipose tissue present within the suspensory 

ligament, a large number of which were associated with blood vessels. Negative control 

sections (PB and rabbit IgGs) illustrate that labelling was not non-specific (Figs 8.3.18.A-

C).
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8.3. FIGURES

Figure 8.3.1

THE FIBROUS ENTHESIS O F THE MEDIAL COLLATERAL LIGAMENT ONTO THE SHAFT 

OF THE TIBIA - ROUTINE HISTOLOGICAL SECTIONS. 12 week rat.

Figure A: A composite image of the fibrous enthesis of the medial collateral ligament (MCL) onto the shaft of the tibia. 
The three layers of the insertion can be seen (separated by dotted lines). The superficial layer (i) merges with the fibrous 
layer of the periosteum distal to the attachment site. Layer ii is a dense fibrous layer where the fibres of the ligament 
insert into the underlying periosteum (P) and bone (B) and the deepest layer (iii) is composed of poorly organised loose 
fibrous tissue which is continuous with the osteogenic layer of the periosteum. Masson’s Trichrome. Scale bar = 200pm. 
Figure B: High power image of the medial collateral ligament inserting into the tibia. Arrow indicates the presence of 
Sharpey’s fibres penetrating into the underlying bone. Masson’s trichrome. M — muscle. Scale bar = 200pm.
Figure C: The fibrous enthesis of the MCL to the tibia. The 3 simplified layers of the enthesis can clearly be seen. The 
MCL approaches the bone at an acute angle, inserting into the highly cellular periosteum (P) and the underlying bone (B). 
These 3 simplified layers will be used to describe the MCL attachment in the forthcoming fluorescence images. 

Haematoxylin & Eosin. Scale bar = 500pm.
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Figure 8.3.2

THE MUSCULAR ENTHESIS O F TIBIALIS ANTERIOR ONTO THE TIBIA - ROUTINE 

H ISTO LO G ICA L SECTIONS. 12 week ra t

Figure A: The muscular enthesis of tibialis anterior (M) in a Masson’s trichrome stained section. Arrows indicate the 

connective tissue attaching the muscle fibres to the fibrous layer of the periosteum (FP). The fibrous layer of the 
periosteum is in turn attached to the osteogenic periosteum (OP) which subsequently attaches to the underlying bone (B). 
Scale bar = 100pm.

Figure B: The muscular attachment of tibialis anterior to the underside of the lateral condyle of the tibia. The muscle 
fibres (M) arise at right angles from the bone, and attach by a large amount of connective tissue. Note the thickness of the 
fibrous periosteum (FP) in this region. OP-osteogenic periosteum. B-Bone. Haematoxylin & Eosin. Scale bar = 200pm. 
Figure C: The muscular attachment of tibialis anterior to the shaft of the tibia. The muscle fibres (M) arise at an acute 
angle from the bone. There appears to be a minimal amount of connective tissue attaching the muscle to the tibia (arrow). 

Note that the fibrous periosteum (FP) is substantially thinner than in figure B. OP-osteogenic periosteum. B-Bone. 
Haematoxylin & Eosin. Scale bar = 200pm
Figure D: The muscular attachment of tibialis anterior in a toluidine blue stained section. Note the presence of mast 
cells close to the attachment of the muscle to the periosteum (arrows). B-bone, M-muscle, FP-fibrous periosteum, OP- 
osteogenic periostreum. Scale Bar = 200pm. Inset: A high power view of a mast cell at the muscule-periosteal junction. 

Toluidine blue. Scale bar =20pm.
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Figure 8.3.3

ORIGIN OF THE SUSPENSORY LIGAMENT FROM THE 3rd METATARSAL BONE - ROUTINE

HISTOLOGICAL SECTIONS. Foal.

Figure A: Low power view of the attachment of the suspensory ligament (L) to the 3rd metatarsal. The black highlighted 
region illustrates the attachment of the ligament to cartilage (C) of the metatarsus. Red highlighted region illustrates the 
attachment of the ligament to the periosteum (P). B-bone, BV-blood vessel. Scale bar = 2mm
Figure B: High power view of the attachment of the ligament (L) to cartilage (C) of the metatarsus. Note that the fibres 
of the ligament merge imperceptibly into the cartilage (arrow). Masson’s Trichrome. Scale bar = 100pm.
Figure C: High power view of the attachment of the ligament (L) to the outer layer of the periosteum (P). Arrows 
indicate relatively thick fibres from the ligament penetrating into the periosteum. Masson’s Trichrome. Scale bar = 
100pm
Figure D: Adipose tissue (AT) in the insertional angle between the ligament (L) and bone (B). OP-outer periosteum, IP- 
inner periosteum, BV-blood vessel. Toluidine blue. Scale bar =400pm.
Figure E: The 3rd interosseus muscle (M) located within the suspensory ligament (L). Masson’s Trichrome. Scale bar = 
200pm.
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THE ORIGIN OF THE SUSPENSORY LIGAMENT FROM THE 3rd METATARSAL BONE - 

ROUTINE HISTOLOGICAL SECTIONS. Adult Horse.

Figure A: The proximal, fibrocartilaginous attachment of the ligament (L) to bone (B) of the metatarsus. Note that the 

region of uncalcified fibrocartilage (UCFC) is small (dashed line) but the calcified fibrocartilage (CFC) is prominent T- 

tidemark. Toluidine blue. Scale bar =300pm.

Figure B: The fibrocartilaginous attachment of the ligament (L) to bone (B) of the metatarsus. Arrow indicates a blood 

vessel accompanied by a number of adipocytes invading from the ligament proper into the fibrocartilage of the ligament 

attachment. Toluidine blue. Scale bar = 500pm.

Figure C: A region of the fibrocartilaginous attachment of the suspensory ligament (L). Arrow indicates bony spur

formation at the enthesis. B-bone. Toluidine blue. Scale bar = 200pm.

Figure D: A small slip of ligament (L) attaching directly (arrow) to the shaft of the metatarsal bone (B) without the 

presence of fibrocartilage (inset -  dashed line). Masson’s trichrome. Scale bar = 300pm. Inset -  Toluidine blue. Scale 
bar = 200pm.

Figure E: Insertional angle fat (LAF) at the attachment of the suspensory ligament (L). The adipose tissue at the 

insertional angle contained large nerve bundles (arrow). LS-ligament slip. Masson’s trichrome. Scale bar = 300pm 

Figure F: A Pacinian corpuscle (arrow) in the insertional angle fat (IAF) at the attachment of the suspensory ligament 

Note the concentric arrangement of the collagen around the central nerve fibre (N) within the corpuscle. Masson's 
trichrome. Scale bar = 200pm.

Figure G: A collection of Pacinian corpuscles (arrows) in the fat at the insertional angle (IAF) close to the attachment of 
the ligament (L). P-periosteum. Masson’s trichrome. Scale bar = 300pm.

Figure H: Muscle fibres (M) of the 3rt interosseous muscle within the suspensory ligament. Masson’s trichrome. Scale 
bar = 200pm.
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Figure 8.3.4
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Figure 8.3.5

THE ORIGIN OF THE SUSPENSORY LIGAMENT FROM THE 3rd METATARSAL BONE - 

ROUTINE HISTOLOGICAL SECTIONS. Pathological Specimens.

Figure A: A large wedge of adipose tissue (A) located within the suspensory ligament (L) of the pathological specimen 

with suspected enthesopathy. Scale bar = 400pm.
Figure B: A large blood vessel (BV) and accompanying nerve (N) bundle within the pathological adipose tissue within 
the suspensory ligament of a pathological equine specimen with suspected enthesopathy. Masson’s Trichrome. Scale bar 

= 200pm.
Figure C: An inflammatory cell population (I) located within the suspensory ligament (L) of an equine specimen with 

suspected enthesopathy. Masson's Trichrome. Scale bar = 200pm.
Figure D: A region of fibrous and adipose tissue (arrow) invading into the enthesis (E) of the origin of the suspensory 

ligament in an equine specimen with suspected enthesopathy. Toluidine blue. Scale bar = 2mm.
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Figure 8.3.6
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100100

FIBROUS INSERTION OF THE MEDIAL COLLATERAL LIGAMENT (MCL) INTO THE TIBIA 

LABELLED WITH PRTIEN GENE PRODUCT 9.5 (PGP 9.5)

(counterstained with DAPI to illustrate cell nuclei)

Dashed lines demonstrate the boundaries of the fibrous insertion. B-bone, P-periosteum. 12 week rat.

Figure A and B: Low power fluorescence image (A) and corresponding differential interference contrast 

image (B) demonstrates that all layers of the fibrous insertion are devoid of nerve fibres. Scale bar = 200pm. 

Figure C and D: High power fluorescence image (C) and corresponding differential interference contrast 

image (D) demonstrating that no nerve fibres are present at the fibrous insertion of the MCL. Scale bar = 

200pm.

Figure E and F: Nerve fibres immunoreactive to PGP 9.5 were however present within the periosteum (P) 

(E) and between the periosteum and the deep surface of the medial collateral ligament (MCL) (F); proximal 

to the fibrous insertion. Scale bar = 100pm.
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Figure 8.3.7

MCL

C  B

P 

MCL
200

E
MCL

FIBROUS INSERTION OF THE M EDIAL C O L L A T E R A L  LIG A M EN T (MCL) INTO THE TIBIA 

LABELLED W ITH NEUROFILAM ENT 200 (NF200) (C ounterstained with DAPI to illustrate cell

nuclei)

Dashed lines dem onstrate the boundaries of the fibrous insertion. B -bone, P-periosteum. 12 week rat.

Figure A and B: Low power fluorescence image (A) and corresponding differential interference contrast image (B) 

demonstrates that all regions of the fibrous insertion are devoid of nerve fibres. Scale bar = 200pm.
Figure C and D: High power fluorescence image (C) and corresponding differential interference contrast image (D) 

demonstrating that no nerve fibres are present at the fibrous insertion of the MCL. Scale bar = 200pm.
Figure E: Nerve fibre immunoreactive to NF200 were however present in the connective tissue (epi-ligament of the 

medial collateral ligament (MCL). Scale bar = 100pm
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FIBROUS INSERTION OF THE MEDIAL COLLATERAL LIGAMENT (MCL) INTO THE TIBIA 

LABELLED WITH ANTIBODIES AGAINST EITHER CALCITONIN GENE RELATED PEPTIDE

(CGRP) OR SUBSTANCE P (SP)

(Counterstained with DAPI to illustrate cell nuclei)

Dashed lines demonstrate the boundaries of the fibrous insertion. B-bone, P-periosteum. 12 week rat.

Figure A and B: Low power fluorescence image (A) and corresponding differential interference contrast image (Bi 
demonstrating that all regions of the fibrous insertion are devoid of CGRP immunoreactive nerve fibres. Scale bar = 
200pm.

Figure C and D: High power fluorescence image (C) and corresponding differential interference contrast image (D) 
demonstrating that no nerve fibres immunoreactive to CGRP are present at the fibrous insertion of the MCL. Scale bar = 
200pm.

Figure E: A free nerve fibre immunoreactive to CGRP (arrow) in the epiligament between the medial collateral ligament 

(MCL) and the periosteum (P) proximal to the fibrous insertion. Note the elongate nuclei of the MCL. Scale bar = 
100pm.

Figure F: Differential interference contrast image of Figure E. Arrow indicates the location of the nerv e fibre in E in the 

epiligament. Note the wavy nature of the fibres in the medial collateral ligament (MCL) and the cellular nature of the 
periosteum (P). Scale bar = 100pm.

Figure G: A blood vessel associated nerve fibre immunoreactive to substance P (SP) (arrow) in the epiligament 
surrounding the medial collateral ligament. Scale bar = 100pm
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Figure 8.3.8
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Figure 8.3.9

FIBROUS INSERTION OF THE MEDIAL COLLATERAL LIGAM ENT (MCL) INTO THE TIBIA -

NEGATIVE CONTROL SECTIONS.

Phophate buffer (PB) or rabbit immunoglobulins were applied to the sections instead of the primary 

antibody. (Counterstained with DAPI to illustrate cell nuclei). Dashed lines indicate the boundaries of 

the fibrous insertion. B- bone, P- periosteum. 12 week rat.

Figure A and B: Fluorescence image (A) and corresponding differential interference contrast image (B) demonstrates 
that the secondary antibody does not bind to the tissue without the presence of the primary antbody. B -  bone, P -  

periosteum. MCL -  medial collateral ligament. Scale bar = 200pm.
Figure C and D: Fluorescence image (C) and corresponding differential interference contrast image (D) demonstrates 
that non-specific binding is not occurring. Arrow indicates the point where the MCL comes to insert into the bone. Scale 

bar = 200pm.
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THE MUSCULAR ORIGIN OF TIBIALIS ANTERIOR FROM THE TIBIA. 

Immunofluorescence or immunoperoxidase sections labelled with Protein Gene Product 9.5 (PGP 9.5).

12 week rat.

Figure A: Blood vessel and associated nerve fibres (arrows) passing through the muscle (M) and along the surface of the 

periosteum (P). Blue-cell nuclei. Scale bar = 300pm.
Figure B: PGP 9.5 immunoreactive nerve fibres (arrows) within the periosteum (P) where the muscle (M) is anchored. 

Blue-cell nuclei. Scale bar = 200pm.

Figure C: A spindle-like structure (arrow) within the muscle (M) body of tibialis anterior. Blue-cell nuclei. Scale bar = 

100pm.

Figure D: A motor endplate (arrows) present in the muscle (M) body of tibialis anterior. Scale bar = 100pm.

Figure E and F: Fluorescence image (E) and corresponding differential interference contrast image (F) demonstrates a 

small nerve fibre in the connective tissue attaching the muscle (M) to the periosteum (P). Blue-cell nuclei. Scale bar = 

100pm.

Figure G and H: Low power view (G) of the muscular enthesis and high power view (H) of the highlighted area A 

spindle-like structure was present at the muscle (M) - periosteum (P) interface. Scale bar = 100pm.
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Figure 8.3.10
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Figure 8.3.11

_

THE MUSCULAR ORIGIN OF TIBIALIS ANTERIOR FROM THE TIBIA - LABELLED WITH

NEUROFILAM ENT 200 (NF200). 12 week rat.

Figure A and B: Fluorescence image (A) and corresponding differential interference contrast image (B) demonstrates the 
presence of a spindle-like structure (arrow) in tibialis anterior close to its attachment. M-muscle, P-periosteum. Blue -  

cell nuclei. Scale bar = 200pm.
Figure C and D: Fluorescence image (C) and corresponding differential interference contrast image (D) demonstrates the 
presence of a spindle-like structure in the connective tissue at the muscle (M) -  periosteum (P) interface. FP-fibrous 

periosteum. OP-osteogenic periosteum. Blue-cell nuclei. Scale bar = 200pm.
Figure E: Spindle-like structure (arrow) in an immunoperoxidase labelled section. Note the spindle is located in the 
connective tissue attaching the muscle (M) to the underlying periosteum (P). B-bone. Scale bar = 100pm.
Figure F: Nerve fibres (arrows) immunoreactive to neurofilament 200 in the fibrous (FP) and the osteogenic (OP) of the 

periosteum where tibialis anterior attaches. Scale bar = 100pm.
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Figure 8.3.12

THE MUSCULAR ORIGIN OF TIBIALIS ANTERIOR FROM THE TIBIA LABELLED WITH 

SUBSTANCE P (SP) OR CALCITONIN GENE RELATED PEPTIDE (CGRP) 

(Counterstained with DAPI to illustrate cell nuclei). 12 week rat.

Figure A and B: Small nerve fibres (arrows) immunoreactive to substance P in the fibrous (FP-A) and osteogenic layer 

ofthe periosteum (OP-B) where tibialis anterior attaches. M-muscle.
Figure C and D: Fluorescence image (C) and corresponding differential interference contrast image (D) of a small blood 
vessel (***) associated nerve fibre, immunoreactive to substance P, in the connective tissue attaching the muscle (M) to 

the periosteum (P). Scale bar = 200pm.
Figure E: A small nerve fibre (arrow) immunoreactive to CGRP between the fibrous (FP) and osteogenic layer of the 

periosteum (OP) where tibialis anterior (M) attaches. Scale bar = 100pm.
Figure F: A number of blood vessel (***) associated nerve fibres (arrows), immunoreactive to CGRP, at the attachment 

of tibialis anterior to the periosteum. Scale bar = 100pm.
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Figure 8.3.13

THE MUSCULAR ORIGIN OF TIBIALIS ANTERIOR FROM  THE TIBIA. SECTIONS WERE

LABELLED W ITH VINCULIN OR ACTIN 

(Counterstained with DAPI to illustrate cell nuclei). 12 week rat.

Figure A: Low power view of the muscular enthesis of tibialis anterior labelled with vinculin. Note the localisation of 
vinculin (arrows) in the tip of the muscle (M) fibres closest to the attachment to the fibrous periosteum (FP). OP- 

osetogenic periosteum. Scale bar = 200pm.
Figure B: High power view of the muscular enthesis of tibialis anterior labelled with vinculin. Arrows indicate the 
invaginations in the tip of the muscle fibres labelled positively for vinculin. FP-fibrous periosteum. Scale bar = 100pm. 
Figure C: Low power view of the muscular enthesis of tibialis anterior labelled with actin. The muscle (M) fibres 
labelled positively for actin. FP-Fibrous periosteum. OP-osetogenic periosteum. Scale bar = 200pm.
Figure D: High power view of the muscular enthesis of tibialis anterior labelled with actin. Arrows indicate the 

termination of actin filaments as finger-like processes in the tip of the muscle fibre. Scale bar = 100pm.
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Figure 8.3.14

THE MUSCULAR ORIGIN O F TIBIALIS ANTERIOR FROM THE TIBIA - NEGATIVE 

CONTROL SECTIONS (C ounterstained with DAPI to illustrate cell nuclei). 12 week rat.

Figure A, B and C: Negative control sections o f the muscular enthesis o f tibialis anterior illustrating that no 

non-specific labelling was present. Phosphate buffer (A), mouse immunoglobulins (B) or rabbit 

immunoglobulins (C) were applied to the sections in place o f the primary antibody. Note the 

autofluorescence o f the muscle fibres. B-bone, FP-fibrous periosteum, OP-osteogenic periosteum, M-muscle. 

Scale bar = 100pm.
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Figure 8.3.15

ORIGIN OF THE SUSPENSORY LIGAM ENT ONTO THE 3rd METATARSAL LABELLED WITH

PROTEIN GENE PRODUCT 9.5 (PGP 9.5)

(Visualised with NovaRED and counterstained with M ayer’s Haematoxylin). Foal.

Figure A: The insertion of the ligament (L) into the cartilage (C) of the 3rd metatarsal. Note that no nerve fibres were 
present within the insertion. Arrow indicates the fibres of the ligament inserting into the cartilage. Scale bar = 200pm. 
Figure B: The insertion of the ligament (L) into the periosteum (P) of the 3rd metatarsal. No nerve fibres were present at 
the insertion of the ligament to the periosteum. Arrow indicates nerve fibres in the deep layer of the periosteum adjacent 

to the bone (B) beneath the insertion of the ligament. Scale bar = 200pm.
Figure C: Nerve bundles (arrows) immunoreactive to PGP 9.5 in the adipose tissue (AT) at the enthesis of the 

suspensory ligament. BV-blood vessel. Scale bar = 200pm.
Figure D: The suspensoiy ligament (L) immunolabelled with PGP 9.5. Arrow indicates a nerve fibre in the

endoligament (EL) associated with an large blood vessel (BV). Scale bar = 200pm.
Figure E: Adipose tissue (AT) at the insertional angle of the suspensory ligament immunolabelled with PGP 9.5. White 
arrow indicates a blood vessel associated nerve fibre within the adipose tissue. Black arrow indicates a specialised nerve 
ending, resembling a Ruffini ending, within the adipose tissue. Scale bar = 100pm.
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Figure 8.3.16
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ORIGIN OF THE SUSPENSORY LIGAM ENT ONTO THE 3rd METATARSAL LABELLED WITH

PROTEIN GENE PRODUCT 9.5 (PGP 9.5)

(Visualised with NovaRED and counterstained with M ayer’s Haematoxylin). Adult horse.

Figure A: The enthesis (E) of the suspensory ligament (L) immunolabelled with PGP 9.5. The insertional angle fat 
(IAF) contained numerous positively labelled nerve bundles (arrows). B-bone. Scale bar = 400pm.
Figure B: The insertional angle fat (IAF) of the ligament insertion immunolabelled with PGP 9.5. Nerve fibres (arrows) 
within the adipose tissue were either blood vessel (BV) associated or ‘free’. Scale bar = 200pm.
Figure C: The enthesis fibrocartilage (EF) of the ligament insertion immunolabelled with PGP 9.5. No nerve fibres were 
present within the fibrocartilage. Nerve fibres were however present in regions of blood-vessel invasion (arrow). T- 

tidemark. Scale bar = 200pm
Figure D: High power view of the region highlighted in (C). Arrows indicate the PGP 9.5 immunoreactive nerve fibres 

invading the enthesis fibrocartilage. L-ligament, A-adipocyte. Scale bar = 100pm.
Figure E: The periosteum of the 3rd metatarsal bone immunolabelled with PGP 9.5. Note the inner layer of the 
periosteum (IP) contains a large number of nerve fibres. OP-outer periosteum, B-bone. Scale bar = 100.
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ORIGIN OF THE SUSPENSORY LIGAM ENT ONTO THE 3rd METATARSAL LABELLED WITH

PRO TEIN GENE PRODUCT 9.5 (PGP 9.5)

(Visualised with NovaRED). Pathological specimen.

Figures A and B: The enthesis (E) of the suspensory ligament (L) with suspected enthesopathy, immunolabelled with 
PGP 9.5. The pathological adipose tissue (PA) within the ligament contained numerous positively labelled nerve bundles 

(arrow). Scale bar = 200pm.
Figure C: The enthesis (E) of the suspensory ligament (L) with suspected enthesopathy, immunolabelled with PGP 9.5. 
An arborising nerve ending in the pathological adipose tissue (PA) located in the suspensory ligament. Scale bar = 20pm.
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Figure 8.3.18
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THE ORIGIN OF THE SUSPENSORY LIGAM ENT - NEGATIVE CONTROL SECTIONS 

(Sections were counter stained with M ayer’s Haematoxylin). Adult horse.

Figure A: The fibrous insertion of the suspensory ligament onto the 3rd metatarsal bone. PBS was applied to the section 
in place of the primary antibody. No non-specific labelling was observed. L-ligament, P-periosteum. Scale bar = 300pm. 
Figure B: A collection of nerve bundles in the insertional angle fat. Rabbit immunoglobulins were applied to the section 
in place of the primary antibody. Note that the nerves were devoid of labelling (arrow). Scale bar = 200pm.
Figure C: A collection of nerve bundles in the insertional angle fat. Phosphate buffer was applied to the section in place 
of the primary antibody. Note that the nerves were devoid of labelling (arrows). L-ligament. Scale bar = 200pm.
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8.4. DISCUSSION

8.4.1. Fibrous Enthesis of the Medial Collateral Ligament 

Innervation

Like the fibrocartilaginous enthesis of the rat Achilles tendon, the fibrous enthesis of the 

medial collateral ligament was devoid of nerve fibres. It also appeared to be avascular and 

this may be a functional adaptation which increases the strength of the attachment. 

However, unlike the fibrocartilaginous enthesis, the fibrous one does not contain 

chondroitin sulphate (Gao et al., 1996) which is known to inhibit nerve growth (Johnson et 

al., 2002; Snow and Letoumeau, 1992). The MCL and its fibrous enthesis do however 

contain dermatan sulphate rich proteoglycans (Gao et al., 1996). Dermatan sulphate has 

been shown to inhibit axonal outgrowth from chick dorsal root ganglia in a similar manner 

to chondroitin sulphate (Verna et al., 1989) and therefore may play a role in preventing 

nerve ingrowth into the enthesis. However, other studies have suggested that dermatan 

sulphate has little or no effect on the growth of nerve fibres (Dou and Levine, 1995).

Putative mechanoreceptive and nocioceptive nerve fibres were present within the epi

ligament and in the periosteum, in close association to the enthesis. The mechanoreceptive 

fibres in the deep surface of the ligament are ideally placed to monitor movement of the 

ligament and may play a role in proprioception of the joint when stimulated. The 

peptidergic fibres in the ligament may be stimulated under conditions of joint stress or high 

levels of mechanical loading which may prevent damaging movement of the joint (Hanesch 

et al., 1991). In addition, the peptidergic fibres in the epiligament close to the enthesis may 

play a role in ligament healing (Ivie et al., 2002; Salo et al., 2007). The periosteum 

surrounding the enthesis was also innervated with nociceptive and mechanoreceptive nerve 

fibres. Such observations, in other regions of periosteum, have previously been reported by 

other authors (Bjurholm et al., 1988; Gajda et al., 2004; Hill and Elde, 1991). It is 

suggested that the fibres within the periosteum may be associated with pain in various 

pathologies of the skeletal system (Mach et al., 2002). In addition to their role in 

conveying nociceptive information to the CNS, peptidergic fibres containing CGRP may 

also influence bone remodelling at the insertion during growth or healing (Hukkanen et al., 

1993). SP has also demonstrated similar osteogenic promoting properties in vitro (Shih and 

Bernard, 1997). CGRP may influence remodelling either directly, by acting on the cells
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within the periosteum itself or through indirect action, by affecting the vascular flow in the 

periosteum (Irie et al., 2002).

8.4.2. Muscular Enthesis of Tibialis Anterior 

Adaptations of Muscular Entheses

Muscular entheses are not as common as tendinous ones and this is reflected in the lack of 

information available on such entheses; the majority of studies have focused on the 

muscular attachments of the facial muscles (Chong and Evans, 1982). The muscular 

attachment of tibialis anterior in the rat originates from the periosteum of the lateral 

condyle and the ventral crest of the tibia. The attachment of the muscle to the periosteum 

is facilitated by a small amount of connective tissue. Furthermore, the fibrous attachment 

of the muscle to the periosteum shows considerable similarities to the attachment of muscle 

fibres to tendon (Chong and Evans, 1982). At the muscle-bone interface of the masticatory 

muscles, this fibrous tissue has been shown to contain collagen types I, III and V, tenascin, 

laminin and fibronectin (Kawagoe et al., 1997), all of which are present in the connective 

tissue at the MTJ. At the MTJ Goss (1944) described the tissue as - “reticular (argyrophil) 

connective tissue fibrillae” or “argentofibrillae”. Chong and Evans, (1982) however, 

termed this connective tissue perimysium or terminal endomysium. Either of these terms 

could therefore also be applied to the fibrous tissue at muscular entheses on long bones -  

although the latter may be the most appropriate.

The similarities between the MTJ and the muscular enthesis do not end here. The tip of the 

muscle fibre at enthesis was highly invaginated (Schippel and Reissig, 1968). The 

invaginations in the muscle membrane may be considered a mechanical adaptation to 

dissipate the contractile stress generated by the cell over a larger area, thereby reducing 

stress at the tissue interface. In addition to reducing stress, a highly infolded membrane 

ensures that the tissue interaction primarily experiences shear loading. This increases the 

strength of the adhesion compared to a tissue interface which is loaded under tensile stress 

where membrane invaginations are not present. The similarities to the MTJ continue with 

the presence of vinculin (Shear and Bloch, 1985) in the tip of the muscle fibre at the 

enthesis. At these sites, vinculin may form part of the cell-substrate interaction, anchoring 

actin filaments of the muscle to the collagenous extracellular matrix, thereby facilitating the 

transmission of force across the muscle membrane. It may therefore be speculated that the 

other proteins located at myotendinous junctions, such as talin (Tidball et al., 1986),
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paxillin (Turner et al., 1991), and the transmembrane linkers -  integrins (Bozyczko et al., 

1989; Swasdison and Mayne, 1989) may also be present at the muscular enthesis. At the 

periosteal side of the enthesis the mode of attachment is less clear. It appears that the 

attachment of the terminal endomysium is facilitated by inserting into the fibrous layer of 

the periosteum. The fibrous layer in turn attaches to the osteogenic layer of the periosteum 

and subsequently the underlying bone. This is similar to the periosteal mode of attachment 

described by Chong and Evans, (1982). As the fibres of the endomysium do not appear to 

penetrate very deeply into the periosteum, unlike fibrous entheses of tendons and 

ligaments, this may be the potential site pathology or rupture.

Gross anatomical adaptations are present at muscular enthesis in addition to the 

microscopic adaptations described above. The area of the attachment of tibialis anterior is 

certainly larger than its tendinous attachment in the foot. This -  in a similar fashion to the 

membrane invaginations of the muscle membrane -  reduces the stress at the enthesis by 

distributing it over a wide area (Benjamin et al., 2006). It was also observed that the 

muscle fibres arise from the periosteum at various angles depending on their location. 

Those fibres attaching to the underside of the tibial condyle arise at right angles; while the 

muscle fibres arising from the shaft of the tibia do so at a more acute angle. This most 

likely reflects the unipennate shape of the muscle, where the muscle fibres converge onto a 

single tendon. This fibre arrangement also ensures a large surface area at the attachment. 

It was observed that where the muscle fibres arise from the periosteum; those arising at 

right angles were attached to the periosteum by a larger amount of connective tissue in 

comparison to fibres arising at more acute angles. This difference may reflect the higher 

load experienced by the attachment of perpendicular muscle fibres, because the load is not 

distributed in as many directions as it is where the fibres attach at an angle (Figure 8.4.2.1). 

Therefore, a larger amount of terminal epimysium may be present to provide a stronger 

attachment. This is supported by the observations made by Kawagoe et al., (1997), that the 

molecular components of the muscle-bone junction differ in each masticatory muscle 

according to the amount of stretch or tension experienced by that particular attachment. 

However, care must be taken when assessing the amount of connective tissue, as even 

slight alterations in the angle of the section can affect the results observed, due to the small 

size of this structure (Goss, 1944).

-230-



The Structure and Innervation o f Other Entheses

OP

FP

K *

OP

FP

u
Figure 8.4.2.1: Schematic diagram of the muscular enthesis o f tibialis anterior. Muscle fibres arising at an 

angle from the periosteum (left) dissipate the tensile load experienced (red arrow) in a number of directions 

(black arrows) while, the stress is unable to be dissipated where the muscles arise perpendicular to the 

periosteum; resulting in a higher level of tensile load exerted on the enthesis.

Developmentally, the indirect attachment of the muscle to the periosteum is advantageous 

as this allows movement and growth of the muscle in a similar manner to fibrous entheses 

of tendons and ligaments, ensuring that the muscle position is maintained relative to bone 

growth (Dorfl, 1980a; b).

Blood Supply and Innervation of the Muscular Entheses

In contrast to fibrous and fibrocartilaginous entheses - which are characteristically 

avascular - muscular entheses appear to be relatively well vascularised. Blood vessels were 

frequently observed passing between the muscle fibres and occasionally come directly into 

contact with the underlying periosteum at the enthesis. It is possible that the difference in 

vascularisation is due to the large area of the attachment site which reduces stress 

concentration. This may be explained by the simple engineering formula, stress = force/ 

contact area, which is used to calculate stress at an interface (Benham et al., 1996).

It is interesting to note the relatively high level of innervation at the muscular enthesis. 

This in complete contrast to the results obtained from both fibrous and fibrocartilaginous 

entheses - which were aneural (see chapter 3 and chapter 8). Once again, the large surface 

area of the attachment site and therefore reduced stress concentration at the enthesis may 

allow the presence of nerve fibres at the enthesis. Furthermore, the molecular composition 

of the terminal endomysium, as described by Kawagoe et al., (1997), does not inhibit
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growth of nerve fibres, unlike chondroitin sulphate and dermatan sulphate located at 

fibrocartilaginous and fibrous entheses, respectively.

Of particular interest is the presence of coiled nerve fibres close to and at the attachment of 

the muscular enthesis. These labelled positively for NF200, but not SP or CGRP indicating 

that they have mechanoreceptive, rather than nociceptive functions (Perry et al., 1991). 

The coiled fibres closely resembled muscle-spindles usually found within the muscle body, 

which monitor stretch of muscle fibres and play an important role in proprioception (as 

reviewed by - Prochazka, 1981). The coiled fibres at the enthesis may therefore have a 

similar mechanoreceptive function. Peptidergic nerve fibres associated with blood-vessels 

were also present at the enthesis and these fibres are likely to be stimulated under 

conditions of tissue damage or extremes of movement causing pain when the enthesis is 

damaged. As described previously (chapter 3), the neuropeptides - substance P and CGRP 

can cause vasodilation and increased vascular permeability by binding to receptors in the 

endothelium when released from the peripheral terminals of the nerve fibre (Holzer, 1988; 

Kenins, 1981; Kenins et al., 1984). These vasoactive properties may result in inflammation 

at the muscle attachment site. Furthermore, mast cells were located at the enthesis. The 

release of SP from nerve fibres at the enthesis in response to tissue damage may cause mast 

cell de-granulation which may produce inflammation or directly result in stimulation of 

local nerve fibres (Brimble and Wallis, 1973; Foreman and Jordan, 1983; Foreman, 1987; 

Ninkovic and Hunt, 1985). The aforementioned nociceptive pathways may therefore cause 

pain at the enthesis when tissue damage has occurred as a result of overuse and might be 

causing the pain associated with shin splints. Nociceptive and mechanoreceptive nerve 

fibres were also present in the periosteum, suggesting that the periosteum itself be a source 

of pain in overuse injuries.

8.4.3. Origin of the Suspensory Ligament in the Horse

The suspensory ligament in the horse originates from the proximal part of the 3rd 

metatarsal bone and partly from the plantar tarsal fascia. In the foal, the proximal fibres of 

the suspensory ligament insert into the cartilaginous epiphysis of the metatarsal bone, and 

during development the cartilage is eroded and replaced by bone. In the adult, the 

superficial fibres of the ligament attach to the metatarsal bone via a small region of 

fibrocartilage, which generates the four layers characteristic of a fibrocartilaginous enthesis 

similar to those seen in man (Benjamin et al., 1986). The region of uncalcified
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fibrocartilage at the insertion of the suspensory ligament enthesis is considerably smaller 

than the uncalcified fibrocartilage located at the insertion of the rat Achilles tendon and this 

may be attributed to the small range of motion that the ligament experiences at its origin. 

This is supported by observations made by Frowen and Benjamin (1995) in man. In 

contrast, the more distal fibres of the ligament origin attach to the metatarsus via a 

periosteal fibrous enthesis in the foal and in the adult the small slips of ligament that 

remain more distally, insert directly into the cortical bone forming a bony enthesis. 

Entheses with mixed modes of attachment are not unusual. Benjamin et al., (1986) point 

out that the most distal region of the Achilles tendon enthesis in man is fibrous while the 

main part of the attachment is fibrocartilaginous. Furthermore, Hems and Tillman (2000) 

emphasised the mixed nature of the attachments of the human masticatory muscles.

The origin of the suspensory ligament however, does not have a distinctive “enthesis 

organ” (Benjamin et al., 2004a). Neither the periosteum on the posterior surface of the 

metatarsus or the opposing deep surface of the ligament is fibrocartilaginous, indicating 

that these regions do not experience high levels of compression (Rufai et al., 1996; Vogel 

and Koob, 1989). Fibrocartilage is therefore not required to prevent wear and tear (Rufai et 

al., 1995, 1996). However, in both the foal and the adult horse, a region of adipose tissue is 

located in the insertional angle between the ligament and bone. Interestingly, this region of 

adipose tissue contained a large number of blood vessels and also Pacinian corpuscles. 

These specialised nerve endings may contribute to proprioceptive input (Willis and 

Coggeshall, 1991) from the hock joint and enthesis during movement. 

Immunohistochemical labelling of the enthesis confirmed the presence of nerve fibres 

within the adipose tissue. The nerve fibres within the wedge of adipose tissue and within 

the endoligament, may gather nociceptive information associated with pathology of the 

suspensory ligament. This supports the findings made by Bathe, (2001) who found that 

neurectomy of the plantar metatarsal nerves, which innervate the area, significantly 

improves cases of persistent lameness linked to enthesopathy.

It was further established that at both ages the enthesis (fibrocarilaginous and fibrous 

regions) was aneural, correlating with the observations made previously (see chapters 3 and 

8). However, in the adult specimen, a small number of blood vessels and nerve fibres 

associated with adipose tissue were observed to invade into the enthesis fibrocartilage from 

the endoligament. This was seen to a much larger degree within the pathological sample.
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As described previously (chapters 3 and 6) this may be the result of a decrease in the 

concentration of aggrecan, allowing the ingrowth of the blood vessels and nerve fibres 

(Freemont et al., 2002b; Johnson et al., 2002; Snow and Letoumeau, 1992). It may be 

further postulated that the small amount of uncalcified fibrocartilage located at the enthesis 

may predispose the attachment to neurovascular invasion and may explain the frequency of 

the enthesopathy.
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Chapter 9

9. THE EFFECT OF GHRELIN ON THE RAT ACHILLES

TENDON ENTHESIS ORGAN

9.1. INTRODUCTION
This chapter aims to describe the effect of ghrelin, its naturally occurring isoform Des- 

Octanoyl Ghrelin, and the growth hormone secretagogue receptor la  (GHS-Rla) antagonist 

- LI63,255, on the retromalleloar fat pad and the rest of the rat Achilles tendon enthesis 

organ. Ghrelin is a peptide which has recently been demonstrated to affect adipogenesis 

directly (Choi et al., 2003; Tschop et al., 2000). However, the function of the 

retromalleolar fat pad is believed to be primarily structural, and previous studies in man 

have suggested that the weight of an individual does not affect to the size of Kager’s fat 

pad in man (see chapter 6). Therefore it may be hypothesised that ghrelin, des-octanoyl 

ghrelin, and the GHS-Rla antagonist will not affect the size of the retromalleolar fat pad; 

thereby confirming its primary structural role. Because ghrelin is also believed to induce 

chondrocyte hypertrophy and bone formation (Caminos et al., 2005) signs of ossification 

will also be evaluated in the fibrocartilages of the enthesis organ. Finally, the effect of 

these peptides on the innervation of the Achilles tendon enthesis organ will be assessed as 

recent reports have suggested that ghrelin can also induce neurogenesis (Sato et al., 2006). 

It is possible that ghrelin or its isoform may induce nerve in-growth in what has been 

shown previously (see chapter 3) to be a largely aneural enthesis organ.

Brief Review
The peptide Ghrelin, an endogenous ligand for the GHS-Rla, was first identified by 

Kojima et al., (1999) in the rat stomach. Various tissue extracts were used to stimulate a
* • 2 “b

cell line expressing GHS-R and the changes were monitored by recording intracellular Ca 

levels. Surprisingly, the stomach demonstrated the greatest activity and the peptide was 

named ghrelin -  ‘ghre’ meaning ‘grow’. The name refers to the ability of ghrelin to 

stimulate growth hormone secretion (Kojima et al., 1999). Two major forms of the peptide 

have been identified; ghrelin, and des-octanoyl ghrelin (also known as non-actylated). 

Ghrelin itself is formed from a 28 amino acid peptide, in which the third serine has an n- 

octanoic acid attached via an ester bond. This octanoylated modification is essential to 

allow ghrelin to activate its receptor GHS-Rla. Des-octanoyl ghrelin is also a major 

circulating form of ghrelin in the rat and does not contain the octanic acid attached to the 

3rd serine residue (Ser3) (Hosoda et al., 2000).
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Ghrelin is currently known to have a number of functions including stimulating the release 

of growth hormone (GH) from the pituitary and stimulating appetite when it is secreted by 

the stomach under fasting conditions. However, with increasing research into the function 

of this peptide, a wide expression pattern has been demonstrated in a variety of different 

tissues. Of particular interest is the finding that ghrelin affects adipogenesis (Choi et al., 

2003). It has been demonstrated that in vitro ghrelin stimulates preadipocyte differentiation 

and prevents lipolysis in adipocytes isolated from epididymal and parametrial adipose 

tissue (Choi et al., 2003). In vivo studies support these observations; Tschop et al., (2000) 

demonstrated that following 2 weeks of subcutaneous and intracerebroventricular 

administration of ghrelin, rats and mice demonstrated significant increases in fat mass, as 

assessed by dual energy X-ray absorptiometry. It is therefore suggested that adipocytes are 

directly affected by ghrelin. However, Patel et al., (2006) have shown that the receptor for 

ghrelin - GHS-Rla is not present in some adipose tissue deposits, such as peri-renal fat. 

The authors demonstrated that des-octanoyl/ghrelin does not affect insulin-stimulated 

glucose uptake in adipocytes isolated from peri-renal deposits, unlike the effects of GHS- 

Rla on epididymal adipose tissue deposits (Patel et al., 2006). In contrast, Thompson et 

al., (2004) have shown that tibial bone marrow adipocytes (even though they do not 

express GHS-Rla) are directly affected by both ghrelin and des-octanol ghrelin resulting in 

adipogenesis. This suggests that des-octaoyl/ghrelin binds to an as-yet-unidentified 

receptor.

Caminos et al., (2005) have shown that chondrocytes located in the proliferative and 

maturation zones of the growth plate expressed ghrelin but not the GHS-Rla. The authors 

suggest a number of functions for the expression of ghrelin by these chondrocytes. 

Principally, it increases the production of cyclic adenosine monophosphate (cAMP) in a 

dose-dependent manner. Such an increase is believed to be related to an alteration in the 

extent of PG and hyaluronan synthesis and also to an induction of apoptosis. It is therefore 

suggested that ghrelin may participate in chondrocyte metabolism by promoting 

chondrocyte hypertrophy and bone formation (Caminos et al., 2005). In support of this 

hypothesis, it should be pointed out that ghrelin has also been shown to promote 

proliferation and differentiation of osteoblasts (Fukushima et al., 2005; Maccarinelli et al., 

2005). Therefore, this study will also describe whether the fibrocartilage of the Achilles 

tendon enthesis organ is affected by ghrelin. It is further suggested that ghrelin, through 

increasing fatty acid uptake and the downregulation of enzymes involved in the formation
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of reactive oxygen species, may reduce the synthesis of inflammatory mediators in 

cartilage. Ghrelin may therefore have potential use as a therapeutic pharmaceutical agent 

for articular inflammatory conditions -  e.g. rheumatoid arthritis (Caminos et al., 2005). 

Furthermore, ghrelin and des-octanoyl ghrelin also have the ability to stimulate 

neurogenesis in the spinal cord during development - both dependently and independently 

of the GHS-Rla (Sato et al., 2006). It may therefore be interesting to assess whether the 

innervation of the Achilles enthesis organ is altered by ghrelin administration.
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9.2. MATERIALS AND METHODS

9.2.1. Ghrelin Infusion Programme (carried out by Dr. T Wells and Dr. J. Davies)

Sprague-Dawley rats, obtained from accredited commercial suppliers were housed 

individually in metabolic cages for the purposes of recording their food and water 

consumption. All rats were allowed food (Harlan Powdered Food, Cat -2014, 14% 

protein) and water ad libitum. All were fitted with a jugular vein cannula connected to an 

osmotic mini-pump (Alzet, Cat# 2001) containing an appropriate infusate (Vehicle, 

Ghrelin, Des-Octanoyl Ghrelin and L I63,255 -  3 rats in each group), and were infused at 

1 pl/hour for 7 days.

Infusates: Vehicle -  Sterile saline (NaCl) solution containing 0.1% BSA and lOU/ml 

Heparin. Ghrelin -  3.3pg/pl of ghrelin in sterile saline (NaCl) solution containing 0.1% 

BSA and lOU/ml Heparin (80pg of ghrelin every 24 hours). Des-Octanoyl Ghrelin -  

3.3pg/pl of Des-Octanoyl ghrelin in sterile saline (NaCl) solution containing 0.1% BSA 

and lOU/ml Heparin (80pg of des- octanoyl ghrelin every 24 hours). L163,255 - 6.6pg/pl 

of LI63,255 in sterile saline (NaCl) solution containing 0.1% BSA and lOU/ml Heparin 

(160pg of LI 63,255 every 24 hours).

All rats were given an intraperitoneal injection of Bromodeoxyundine (BrdU) (50mg/kg -  

see appendix I), 1 hour before the animals were killed by Halothane anaesthesia and 

subsequent decapitation.

9.2.2. Dissection and Fixation
Following decapitation, both ankles of the rat were removed, ensuring the fat pad was not 

disturbed. The left ankle was subsequently used for immunohistochemistry, while the right 

ankle was used for routine histology.

9.2.3. Routine Histology
Specimens were fixed in 4% paraformadehyde in 0.1M phosphate buffer (PB) (see 

appendix I) for 1 week and decalcified in 5% nitric acid (see appendix I). Samples were 

subsequently washed in 0.1M PB (see appendix I) and dehydrated in graded alcohols (70/o, 

95%, and 100% with two changes of 20 minutes each), cleared in xylene (two changes of 

20 minutes) and embedded in 58°C paraffin wax. Routine histology was earned out as 

described in chapter 2.
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9.2.4. Immunohistochemistry

Indirect immunofluorescence was carried out using the antibodies PGP 9.5, Neurofilament 

200, anti-substance P and anti-CGRP as described in chapter 2.

Anti-Bromodeoxyuridine (BrdU) labelling

Indirect immunofluorecence was carried out in a light-proof, humidified chamber. Slides 

were removed from the freezer and allowed to adjust to ambient room temperature. A ring 

was drawn around the specimens with a waterproof pen (Zymed® Laboratories, San 

Francisco, US) to retain solutions on the slide. The samples were re-hydrated in 0.1M PB 

containing 0.1% Triton X (Sigma-Aldrich Company Ltd, Gillingham, UK; see appendix I) 

and 2N HC1 in CIH2 O was applied to the slides for 30minutes at 37°C in a humidified 

incubator to permeabilize the nucleus. The sections were washed well using 0.1M PB 

containing 0.1% triton X and then nuclear proteins were denatured using 0.25% trypsin 

(Gibco) for 20 minutes at 37°C to allow visualization of the incorporated BrdU. Following 

another series of washing steps, 20% normal goat serum (Dako UK, Ely, Cambridgeshire, 

UK) was applied to the sections for 1 hour. The blocking serum was gently poured off the 

slide and the primary antibody anti-BrdU (Sigma-Aldrich, Gillingham, UK) applied (see 

Table 2.1) directly without washing. The antibody-treated sections were incubated for 2 

hours at 37°C. Following incubation, the slides were washed 3 times for 5min in 0.1M PB. 

The sections were incubated for 1 hour with the secondary antibody goat anti-mouse FITC 

(Dako UK, Ely, Cambridgeshire, UK) following pre-incubation with 1% normal rat serum 

(Invitrogen, Paisley, UK) for lh  at 4°C. After several washes, the slides were mounted 

under 22mm x 50mm coverslips (RA Lamb Medical Supplies, Eastbourne, UK) using 

Vectorshield containing DAPI (Vector Labs, Peterborough, UK).

Controls
Negative control sections were incubated with 0.1M PB and mouse immunoglobulins 

(IgGl; Dako, Cambridgeshire, UK) in place of the primary antibody.

Microscopy
Sections were examined by epifluorescence microscopy using an Olympus BX-61 

(Olympus UK Ltd, London, UK) and captured using AnalySIS software using a Leitz 

DMRB (Leica Microsystems Ltd; Milton Keynes, UK), and processed using Adobe 

Photoshop (Version 6).
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__________________________________________________ 9.3. RESULTS

Routine Histology

The structure of the Achilles tendon enthesis organ was comparable in all rats from the 4 

different groups treated with ghrelin, des-octanoyl ghrelin, L163,255, and vehicle 

(representative images - Figs 9.3.1.A-B) and was no different from the Achilles tendon 

enthesis organ described in chapter 3. Specifically, no ectopic bone formation or 

chondrocyte hypertrophy was observed in the enthesis fibrocartilage in any of the 4 test 

groups. Furthermore, in all animals the retromalleolar fat pad was present, contained 

unilocular adipocytes and sent a tongue-like protrusion into the retrocalcaneal bursa. There 

was no obvious difference in the size of the fat pad between the 4 groups. In all animals, 

the retromalleolar fat pad filled a space in the region of the ankle, posterior to the Achilles 

tendon, anterior to the tendon of flexor hallucis longus, and superior to the calcaneus 

(represenatative images - Figs 9.3. l.C-E).

Immunohistochemistry

The innervation of the Achilles tendon enthesis organ was equivalent in all rats from the 4 

different treatment groups and comparable to the innervation of the Achilles tendon 

enthesis organ as described in chapter 3. The enthesis, sesamoid and periosteal 

fibrocartilages of the enthesis organ were aneural in all groups, as was the retrocalcaneal 

bursa (Figs 9.3.2.A-C). In addition, the retromalleolar fat pad contained nerve fibres 

immunoreactive to PGP 9.5, NF200, SP and CGRP. No marked differences were observed 

between any of the treatment groups (Figs 9.3.2.D-E). Labelling for BrdU demonstrated 

that only a small number of adipocytes within the retromalleolar fat pad were proliferating, 

and there were no obvious differences between the 4 treatment groups (Fig 9.3.3.A-F). The 

majority of positively labelled cells in the fat pad were either fibroblasts or endothelial 

cells.

-240-



The Effect o f  Ghrelin on the Rat Achilles Tendon Enthesis Organ

FIGURES

Figure 9.3.1.

3mm

GHRELIN TREATED RATS - ROUTINE HISTOLOGY 

Images presented are representative of all 4 treatm ent groups.

Figure A and B: The enthesis (EF), sesamoid (SF) and periosteal fibrocartilages (PF) of the rat Achilles tendon enthesis 

organ in a Masson’s trichrome (A) and toluidine blue (B) stained section. Note the normal appearance of these structures. 

B-bone. P-plantaris tendon. RB-retrocalcaneal bursa. Scale bar = 1mm.

Figure C: The tip o f the retromalleolar fat pad (FP) protruding into the retrocalcaneal bursa. C-calcaneus, AT-Achilles 

tendon. Masson’s trichrome. Scale bar = 1mm.

Figure D: A high power view of the retromalleolar fat pad (FP). Note the unilocular appearance of the adipocytes (A). 

Toluidine blue. Scale bar = 200pm.
Figure E: Low power view o f the posterior region o f the ankle. Note that the fat pad (FP) fills the region equivalent to 

Kager’s triangle. AT-Achilles tendon, C-calcaneus, T-talus, Ti-Tibia. Toluidine blue. Scale bar = 3mm.
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Figure 9.3.2.

FP

100

GHRELIN TREATED RATS -  IMMUNOLABELLING OF NERVE FIBRES 

Images presented are representative o f all 4 treatment groups (All sections are counterstained with

DAPI to illustrate cell nuclei).

Figure A: The enthesis fibrocartilage (EF) of the Achilles tendon insertion in a section labelled with PGP 9.5. Note the 
absence of nerve fibres located in the fibrocartilage. RB-retrocalcaneal bursa. Scale bar = 200pm.
Figure B: The sesamoid fibrocartilage (SF) in a section labelled with PGP 9.5. No nerve fibres were present. Scale bar 

= 100pm.
Figure C: The periosteal fibrocartilage (PF) in a section labelled with PGP 9.5. No nerve fibres were present. Note the 
rounded appearance of the fibrocartilage cell nuclei (arrows). Scale bar = 100pm.
Figure D: The retromalleolar fat pad (FP) in a PGP 9.5 labelled section. Arrow indicates a nerve fibre within the fat pad. 

Scale bar = 100pm.
Figure E: The retromalleolar fat pad (FP) in a CGRP labelled section. Arrows indicate a nerve fibre containing CGRP 

within the fat pad. Scale bar = 100pm.
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Figure 9.3.3.

THE RETROM ALLEOLAR FAT PAD OF THE ACHILLES TENDON ENTHESIS ORGAN 

LABELLED FOR BROMODEOXYURIDINE (BrdU) W HICH INDICATES PROLIFERATING

CELLS.

(All sections are counterstained with DAPI to illustrate cell nuclei).

Figure A and B: The retromalleolar fat pad (FP) in a Des-Octanoyl Ghrelin treated rat. Arrow indicates the presence of a 
BrdU positively labelled cell nucleus (A) and corresponding DAPI positive nucleus (B). Scale bar = 100pm.
Figure C and D: The retromalleolar fat pad (FP) in a vehicle treated rat. Arrow indicates the presence of a BrdU 
positively labelled cell nucleus (C) and corresponding DAPI positive nucleus (D). Scale bar = 100pm 
Figure E and F: The retromalleolar fat pad (FP) in a LI63,255 treated rat. Arrow indicates the presence of a BrdU 
positively labelled cell nucleus (E) and corresponding DAPI positive nucleus (F). Scale bar = 100pm.
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Figure 9.3.4

NEGATIVE CONTROL SECTIONS OF THE ACHILLES TENDON ENTHESIS ORGAN.

(All sections are counterstained with DAPI to illustrate cell nuclei).

Figure A: The retromalleolar fat pad (FP) of a Ghrelin treated rat. Phostphate buffer was applied to the section in place 
of a neuronal related primary antibody. Non-specific binding of the secondary antibody was not observed. Scale bar = 

200pm.
Figure B: The retromalleolar fat pad (FP) protruding into the retrocalcaneal bursa (RB) of a Ghrelin treated rat. Rabbit 
immunoglobulins were applied to the section in place of a neuronal related primary antibody. Non-specific binding of the 

primary antibody was not observed. Scale bar = 100pm.
Figure C: The retromalleolar fat pad (FP) of a Ghrelin treated rat. Phostphate buffer was applied to the section in place 
of the anti-BrdU primary antibody. Non-specific binding of the secondary antibody was not observed. Scale bar = 

100pm.
Figure D: The retromalleolar fat pad (FP) of a Ghrelin treated rat. Mouse immunoglobulins were applied to the section 
in place of the anti-BrdU primary antibody. Non-specific binding of the primary antibody was not observed. Scale bar = 

100pm.
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9.4. DISCUSSION

The results demonstrated that treatments with ghrelin, des-octanoyl ghrelin and LI63,255 

had no effect on the size or innervation of the retromalleolar fat pad associated with the rat 

Achilles tendon enthesis organ. Neither did they affect the structure or innervation of the 

enthesis, sesamoid, or periosteal fibrocartilages of the enthesis organ.

Ghrelin and des-octanoyl ghrelin are currently understood to play a role in directly 

inducing adipogenesis dependently and independently of GHS-Rla. However, the results 

presented here suggest that neither peptide markedly increased the size of the 

retromalleolar fat pad. Furthermore the GHS-R antagonist L I63,255 did not reduce the 

size of the fat pad, or induce lipolysis. This is in line with the results presented in chapter 6 

showing that the weight and volume of Kager’s fat pad are not affected by the weight of the 

individual (Davies and White, 1961). Thus, the current results provide further support for 

the hypothesis that the fat pad associated with the Achilles tendon enthesis organ is a 

structural fat pad rather than one which is altered according to the metabolic needs of the 

individual (Davies and White, 1961). Furthermore, there appeared to be no difference in 

the structure of the fibrocartilages of the enthesis organ. This too is in line with the finding 

that the size of the fat pad was not altered; as such an alteration could have resulted in an 

increased wear and tear to the fibrocartilages - as the fat pad plays a role in dissipating 

stress at the tendon attachment (Benjamin et al., 2004b).

Finally, as mentioned earlier, ghrelin is synthesised and expressed by chondrocytes in the 

growth plate. The molecule is believed to play a role in promoting bone formation 

(Caminos et al., 2005). As entheses are often described as miniature growth plates, it is 

possible that ghrelin administration might have induced fibrocartilage cell hypertrophy and 

apoptosis. However, such changes were not observed. This may be related to the 

avascular nature of the fibrocartilage - an intravenous (iv) injection of ghrelin may not 

affect the cells within it.
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10. IN VITRO STUDY OF TARGET DERIVED NERVE GROWTH

10.1. INTRODUCTION
It has been demonstrated above that only the retromalleloar fat pad of the rat Achilles 

tendon enthesis organ is innervated, while the enthesis, sesamoid and periosteal 

fibrocartilages are aneural (see chapter 3). It is interesting to note that even though 

fibrocartilage has yet to differentiate in the neonatal rat, the precursors of the 

fibrocartilages are still aneural, whereas the fat pad contains nerve fibres at birth and 

throughout postnatal development into old age (see chapter 3). It may therefore be 

suggested that during development, nerve fibres are guided by factors released from the 

developing adipose tissue in the retromalleoiar fat pad to innervate this structure, while 

inhibitory signals may be released from the developing fibrocartilage to prevent neural 

invasion. It was therefore the aim of the present study to determine in vitro whether axons 

are attracted from DRG to the retromalleolar fat pad, presumably through the release of 

chemical signals, and whether the developing and mature enthesis fibrocartilage inhibits 

axonal nerve growth.

Brief Review
It is currently believed that axons are guided to their targets during development by a 

combination of diffusible, membrane bound, and extracellular matrix cues/signals (as 

reviewed by - Mueller, 1999, Tessier-Lavigne and Goodman, 1996). mese signais can 

have attractive or repulsive effects on the specialised receptive ending — known as a growth 

cone -  at the peripheral terminal of the developing axon. Molecular cues bind to surface 

receptors located on the growth cone winch transduce the signai uy triggeimg mtiacenuiai 

pathways. Activation of these pathways regulates motility of the growth cone through 

polymerisation and depolymerisation of actin filaments in the filopodia, located in the 

distal region of the growth cone. Growing axons may lesponu to cues in a tempoial 

sequence in addition to being influenced by signals secreted by the target organ (i.e. long 

distance cues) and signals from the underlying substrata (i.e. short distance cues). In most 

cases a combination of signals facilitate fine control over axon guidance anu as a lesult it is 

clearly a very complex process (Mueller, 1999; Tessier-Lavigne and Goodman, 1996).

Target tissues secrete molecular cues such as neurotrophins - which guide axons towards 

them and regulate survival of these axons (Cohen, 1960; Gundersen and Barrett, 1979, 

Lumsden and Davies, 1983). Neurotrophins also have a role in nerve repair following
A r
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injury (as reviewed by - Ebadi et al., 1997). Sensory axons from DRG are guided by one of 

the most well known, classical neurotrophins — NGF which is expressed by targets of 

sensory axons and also by intermediate tissues to guide them along their pathway 

(Wyatt et al., 1990). Since the identification of NGF, a number of other structurally related 

neurotrophins have been identified with the use of blocking antibodies and gene targeting 

systems, including: brain derived neurotropmc factor (BDNF), neurotrophin-3 (NT3), and 

neurotrophin 4/5. It is understood that one or a combination of these factors may promote 

survival of a specific collection of embryonic sensory neurons (Paves and Saarma, 1997).

Signalling via these neurotrophins is mediated by var ious neur otrophin receptors, of which 

there are 2 distinct forms. High affinity binding of the ligands occurs at the tyrosine kinase 

receptor family (Trk), of which there are 3 types - A, B, and C. NGF is the preferred ligand 

for trkA, while both BDNF and NT4/5 bind to trkB, and NT3 primarily interacts with ukC 

although it is able to bind to all 3 trk receptors (Barbacid, 1995).

Knockout mice, lacking either a specific receptor or ligand have shown that distinct classes 

of peripheral sensory neurons depend on specific neurotrophic factors. Ruit et al., (1992) 

demonstrated through in vivo administration of antibodies against NGF, that axons 

responding to NGF are small diameter sensory neurones which project to laminae I and II 

of the spinal cord, indicating that they have nociceptive/thermoreceptive roles. However, 

larger axons which project to the more ventral regions of the spinal laminae and therefore 

have proprioceptive functions, do not require NGF for survival. These axons depend 

instead on NT-3, which was identified with the use of knockout mice (Emfors et al., 1994; 

Zhou and Rush, 1995). Thereby, trkA is expressed on the growth cones of NGF-dependent 

nociceptive nerve fibres (Avenll et al., 1995, McMahon et al., 1994), while trkB and C axe 

expressed on NT-3-dependent proprioceptive axons (Gene et al., 2004; Klein et al., 1994). 

Furthermore, trkB expressing nerve fibres dependant on BDNF indicates a subpopulation 

of intermediate-size mechanoreceptive neurons (McMahon et al., 1994). Downstream 

events following ligand binding lead to the internalisation of the receptor/ligand complex 

which has a local, stimulatory, effect on the actin filaments of the growth cone leading to 

extension of the filpodia and lamellopodia in the direction of the signalling molecule, but is 

also transported via microtubules to the cell body where it promotes cell survival (as 

reviewed by - Letoumeau, 1996).
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However, different neurotrophins act on developing sensory neurones at different time 

points determining not only their survival, but also their phenotype. A particularly striking 

example is the switch in nociceptive nerve fibres which do not contain neuropeptides 

(isolectin B4 (IB4) positive fibres). During embryonic development IB4 positive neurons 

are dependent on NGF and express trkA, however following 2 days of postnatal 

development, trkA expression is down-regulated and the growing axons are no longer 

dependent on NGF, but instead become dependent on another family of neurotrophins - the 

glial cell line-derived neurtrophic factor (GDNF) family - and express the corresponding 

receptor, GDNF family receptor (GFR) a l. In contrast, nerve fibres that continue to 

depend on NGF and express trkA following 2 postnatal days of development become 

peptidergic (SP) fibres with a nociceptive function (Molliver et al., 1997).

Inhibitory molecular signals also play an important role in guiding sensory neurons to their 

targets. The semaphorin family are among the best characterised repellent factors and 

Sema3A (also known as collapsin -1) is a potent factor which repels and leads to the 

collapse of growth cones on sensory axons (Luo et al., 1993; Messersmith et al., 1995) 

through binding with its receptor complex containing the glycoprotein - neurophilin-1 (He 

and Tessier-Lavigne, 1997). Wright et al., (1995) demonstrated that during development of 

the rat embryo Sema3A mRNA is spatially and temporally expressed in the peripheral 

mesoderm to guide sensory DRG axons to their targets. Sema3A functions through 

binding with its receptor, thereby initiating downstream signals which rapidly induce 

depolymerisation of the actin cytoskeleton within the leading edge of the growth cone. As 

a result of this cytoskeletal reorganisation, the growth cones exhibit a thin, needle-like 

shape and cease to draw the axon with them due to lack of traction (Fan et al., 1993).

In a similar manner to neurotrophins, temporal expression Sema3A, and the neurophilin-1 

subunit of the Sema3 A receptor expressed by neurons plays an important part in controlling 

patterning of sensory neurons. The sensitivity of the growth cones to Sema3 A is increased 

by up-regulation of neurophilin-1, or decreased through loss of neurophilin-1. This 

controls the timing and final location at which sub-populations (NGF and NT dependent 

neurons, respectively) of sensory axons invade and terminate in spinal cord. It is further 

proposed that a similar mechanism may function in the periphery (Pond et al., 2002).
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It has been indicated that adipose tissue releases several neurotrophic factors including 

NGF (Peeraully et al., 2004) and adipocyte derived angiopoietin -  1 (Kosacka et al., 2006) 

which have chemoattractive effects on axons thus supporting the hypothesis that nerves 

may be attracted to innervate the adipose tissue located at entheses. In contrast however, 

Sema3A may play a role in inhibiting innervation of the Achilles enthesis during 

development.

Nonetheless, it must be remembered that the ECM also has a significant effect on axonal 

outgrowth. A permissive substrate must be present for growth cone filopodia to attach to 

and this occurs through the presence of cell-surface molecules such as integrins and 

cadherins expressed on the membrane of the growth cone. These cell-surface molecules 

anchor to the polymerising actin cytoskeleton at the leading edge of the growth cone, 

therefore holding it in place, and exerting traction on the developing axon, which 

subsequently increases in length. Studies have identified the ECM molecule laminin to be 

a highly permissive substrate to which growth cones bind (Dodd and Jessell, 1988; 

Gundersen, 1987). Of particular interest are the ECM molecules - proteoglycans which are 

able to act as both permissive and inhibitory substrata in the CNS and PNS during 

development (Bovolenta and Femaud-Espinosa, 2000) for a review). If such an inhibitory 

substratum is present, then anchorage of the filopodia does not occur and the filopodia will 

retract, causing the growth cone to turn and grow in a more permissive direction. Aggrecan 

is one such proteoglycan which has an inhibitory effect on nerve growth from DRG 

(Johnson et al., 2002; Snow and Letoumeau, 1992)}. These authors demonstrated that 

aggrecan isolated from the intervertebral disc inhibits nerve growth in vitro in a dose 

dependent manner. This resulted in the suggestion that loss of aggrecan in the degenerating 

central cartilaginous region of the IVD results in the invasion of nerve fibres which are 

believed to cause pain in some chronic back conditions (Freemont et al., 2002a; Freemont 

et al., 2002b; Johnson et al., 2002) and the hypothesis that aggrecan in the fibrocartilage of 

the Achilles tendon enthesis may inhibit nerve growth in a similar manner.
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10.2. MATERIALS AND METHODS

10.2.1. Source of Material

Pregnant female white Wistar rats were obtained from accredited commercial suppliers at 

16 days after fertilisation and maintained at Cardiff University until parturition. Neonatal 

rats were killed by cervical dislocation 7 days postpartum. Three 12-17 week Wistar rats 

were obtained as described previously (see chapter 3.2).

10.2.2. Dissection Procedure

Adult rats were killed with an overdose of carbon dioxide while neonates were stunned and 

then killed by cervical dislocation. Under sterile conditions, using a dissecting microscope 

(Olympus SZ40, Southall, UK) both DRG at L4 and L5 were removed following exposure 

by removing the dorsal part of the spinal cord. Dissected ganglia were subsequently 

immersed in L I5 dissecting media (see appendix I) and the connective tissue capsule was 

removed from the DRG with the use of fine tungsten needles and the ganglia were 

subsequently placed in Ham’s F12 washing media (see appendix I).

A single incision was then made along the medial side of the ankle. The fat pad was then 

removed from the ankle of the rats and placed in LI 5 dissecting media. The tendon, 

presumptive Achilles enthesis fibrocartilage and the enthesis fibrocartilage from adult rats 

were then obtained and placed in L 15 dissecting media.

Figure 10.2.2.1: Sterile setup for removal o f DRG and the fat pad and fibrocartilage of the Achilles tendon 

enthesis organ.
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10.2.3. Culture Procedure

Growth factor reduced - phenol red free, Matrigel® (BD Biosciences Discovery Labware; 

Fred Baker, Runcorn, UK) was thawed overnight, at 4°C, to a viscous liquid, then kept on 

ice throughout the procedure. 100pi of Martrigel® was pipetted (using cooled pipettes) into 

the centre of a well in a cooled 12 well plate (Coming; Fisher Scientific, Loughborough, 

UK -  Fig 10.2. A). A DRG was then placed into the centre of the Matrigel® droplet and on 

either side of the DRG, the retromalleolar fat pad, tendon or the enthesis (see Table 10.2.1) 

were placed within the Matrigel® (Fig 10.2.B). Control cultures contained DRG only (Fig 

10.2.C). The plates were then placed in an incubator (Forma Scientific, Marietta, OH, 

USA) for 10 minutes to ensure the Matrigel® solidified into a gel. 1ml of F14 growth 

medium (see appendix) was then added gently into the well, taking care not to disturb the 

culture. The plates were then incubated at 37°C in a CO2  regulated humidified incubator 

(Forma Scientific, Marietta, OH, USA). Phase contrast images of the cultures were 

captured using a digital CCD camera mounted on an inverted microscope (Olympus IX- 

8IF, Olympus UK Ltd, London) for the next 13 days. The protocol was modified from 

Lumsden and Davies (1983).

Figure 10.2.3.1: (A) 12 well plate containing DRG co-cultures, (B) DRG co-culture from the 7 day rat 

containing fat pad and fibrocartilage. (C) Control culture containing a DRG only.

(A)

(B)
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FP against FC FP against T FC against T Control

Neonate n =  11 n = 3 n = 3 n = 6

Adult n = 6 n = 0 n = 0 -

Table 10.2.3.1: The number and character o f  co-cultures used during this experiment. FP -  Fat pad, FC -  

Fibrocartilage, T -  Tendon.

10.2.4. Immunohistochemistry

Cultures were fixed in 4% paraformaldehyde for 1.5 hours at 37°C and subsequently 

washed with 0.1M PB. The cultures were then blocked in 3% (w/v) BSA containing 0.1% 

triton-x for 1 hour at 4°C. The primary antibody -  NF200 (Sigma-Aldrich, Gillingham, 

UK) - diluted to a concentration of 1:1000 in 3% BSA was incubated on the cultures 

overnight at 4°C. The following day the cultures were washed 5 times in 0.1 M PB on an 

orbital shaker (SOI, Stuart Scientific, Redhill, Surrey, UK). During this process the plates 

were wrapped in silver foil to protect from the light. The secondary antibody (swine anti- 

rabbit FITC, Dako UK, Ely, Cambridgeshire, UK) diluted to 1:100 in 3% BSA was 

incubated on the cultures for 2 hours at 4°C. The cultures were washed again overnight and 

finally mounted using Vectorshield (Vector Labs, Peterborough, UK). Protocol modified 

from Tonge et al., (1997).

10.2.5. Oil Red - O Staining
Following immunolabelling, plates were washed three times with dFLO and 1ml of Oil Red 

- O dye solution was added to each well. The dye was incubated on the cultures for 1.5h, 

following this the excess dye removed, and the plate was washed 3 times in dFEO. Bright 

field images of the cultures were captured using a digital Nikon coolpix 4500 camera 

mounted on an inverted microscope (Nikon Eclipse TS100; Jencons — PLS, East Grinstead, 

UK).
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10.3. RESULTS

Neonatal Targets 

Day 2

Axonal outgrowth was observed on the 2nd day of culture, where a small number of axons 

could be seen to branch out from the DRG. The axons projecting from the ganglion could 

clearly be seen to have elaborate arborisations at the peripheral terminal of the axon (Fig

10.3.1.A). Axonal outgrowth was first seen in cultures where the target tissues were 

situated closest to ganglia, and in the majority of cases axonal growth was directed towards 

both of the target tissues (Fig 10.3.1.B). It was noted that at this point the tendon 

attachment did not inhibit neurite outgrowth from the ganglia (Fig 10.3.1.B). A small 

number of DRG within the co-cultures failed to show any axon outgrowth. This was seen 

more frequently in the cultures containing the fat pad and the tendon attachment site, while 

it was less frequently observed in those cultures which contained tendon and either the fat 

pad or the tendon attachment.

Day 3
On the 3rd day in culture, the number of axons projecting from the ganglia increased and 

the axons themselves were considerably longer and their growth was still directed towards 

the targets. By viewing the cultures by phase contrast microscopy, qualitative assessment 

indicated that the axons had no particular preference towards the fat pad and in many cases 

the axons grew preferentially towards the tendon attachment (Fig 10.3.1.C and D). Similar 

observations were also observed in cultures where fat pad and the tendon were placed in 

culture together -  i.e the axons grew preferentially towards the tendon over the fat pad 

(Figs 10.3.I.E and F).

Day 6
On the 6th day in culture, the axons were considerably greater in number. This highlighted 

the observations made previously that axons from the ganglia grew preferentially towards 

the tendon (Fig 10.3.1.G) and the tendon attachment (not shown). In contrast however, 

although the number of axons growing towards the fat pad increased, these axons had not 

increased in length and the terminal projections of the axons rounded up. Therefore no 

contact could be seen between the fat pad and the axons growing from the ganglion (Fig

10.3.1.G).
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Day 10-13

During the final stages of culture, no significant differences were observed from the 

previous stage apart from a continued increase in the number of axons projecting from the 

ganglia. The inhibition of axon elongation towards the fat pad was particularly prominent 

at this stage, while axons continued to elongate towards the tendon and the tendon 

attachment (Fig 10.3.2.A). As described previously, the peripheral terminals of the axons 

which grew out towards the fat pad rounded up. At high power, it was seen that the 

peripheral parts of the axon had undergone considerable arborisation, and that the terminals 

of these branches were round (Fig 10.3.2.B).

A number, but not all, of the axons within the culture were positively immunolabelled for 

NF200 (Figs 10.3.2.C and D). These axons grew towards the tendon attachment (Figs

10.3.2.C and D) but did not appear to pass into the tissue itself, but around and under it 

(Figs 10.3.2.E and F). A number of the axons growing towards the fat pad were also 

positive for NF200 (Figs 10.3.3.A and B). This confirmed that the axons grew towards the 

fat pad but stopped elongating a short distance away from the tissue (Figs 10.3.3.A - C). In 

some cultures, the axons grouped together into bundles to grow towards their targets (Fig

10.3.3.D). Where axonal growth occurred in the opposite direction to the targets, the axons 

did not grow in a uniform direction but grew randomly and changed direction a number of 

times (Fig 10.3.3.E). At high power, the NF200 axons within the culture were seen to 

branch several times (Fig 10.3.3.F) and in a single case case, one branch went toward the 

tendon attachment target while another was directed towards the fat pad (not shown).

However, by 13 days in culture a number of cells had migrated out of the tissue explants 

into the Matrigel®. These cells could be seen around the tendon, tendon attachment and the 

fat pad explants (Fig 10.3.4.A and B). The cells had a varied morphology, some where 

fibroblast-like with multiple spindle-like extensions, while others contained lucent droplets 

which stained positive for lipid in oil red O staining (Fig 10.3.4.C and D). The size and 

number of which varied between cells (Fig 10.3.4.B and D). It was also observed in the 

majority of cultures that a large number of cells within both the tendon (Fig 10.3.4 E and F) 

and the tendon attachment (Fig 10.3.4.G and H) contained large numbers of lipid droplets 

within the tissue itself. Lipid containing cells we present in the tendon or tendon 

attachments irrespective of whether a fat pad explant was present in the culture, although 

the numbers of lipid containing cells were considerably fewer where the fat pad was absent.
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Adult Targets 

Day 2-3

As above, no axonal outgrowth was observed on the 1st day in culture (not shown), 

however by day 2 outgrowth was seen predominately towards the fibrocartilage of the 

Achilles tendon enthesis in 3 out of the 6 cultures (Fig 10.3.5.A and B). In the other 3 

cultures no outgrowth was observed. On the 3rd day in culture, where outgrowth was seen, 

axon growth continued preferentially towards the fibrocartilage in 1 co-culture (Fig

10.3.5.C). At this stage the other cultures illustrated no preferential axon outgrowth.

Day 6 -1 0

With increasing time in culture the number and length of axons projecting from the DRG 

increased. On the 6th day in culture the axons which grew towards the fibrocartilage could 

be seen to grow around the explant (Fig 10.3.5.D). The axons growing towards the fat pad 

did not elongate as close towards the explant (Fig 10.3.5.E). On the 10th day in culture this 

pattern was seen clearly in all cultures where axon growth occurred. The axons growing 

towards the fat pad stopped elongating and avoided the tissue, while the axons growing 

towards the fibrocartilage were not inhibited but grew around the explant (Fig 10.3.5.F).

Day 13

This pattern of axon outgrowth was confirmed on the 13th day in culture with the use of 

immunolabelling for neurofilament 200 (Fig 10.3.6.A-D).

Although a small number of migrating cells containing lipid droplets were seen within the 

cultures with adult targets (not shown), the fibrocartilage explants themselves were not 

invaded with lipid-containing cells (Fig 10.3.6.E and F).

Controls
Five out of the 6 control cultures in which the DRG cultured alone (no target tissues) did 

not show any axonal outgrowth (Fig 10.3.7.A). The one DRG which did show axonal 

outgrowth, sent out projections of uniform size in all directions. Negative controls for a 

culture stained with oil red — O confirmed that no non-specific labelling occurred in the 

culture (Fig 10.3.7.B). PB (10.3.7.C and D) and rabbit IgGs (10.3.7.E and F) were applied 

to cultures to indicate that no non-specific labelling occurred in the cultures, although 

autofluorescence was particularly strong in the tissue explants.
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TARGET DERIVED NERVE GROWTH -  NEONATAL TARGETS 

Phase contrast images of the first 6 days of competitive nerv e growth in vitro.

Figure A: An axon protruding from a dorsal root ganglion (DRG) on the 2nd day in culture towards a fat pad (FP). Note 

the numerous arborisations at the peripheral terminal of the axon (arrow ). Day 2. Scale bar = 100pm.

Figure B: Numerous axons protruding from the dorsal root ganglion (DRG) towards both the tendon attachment (TA) 

and the fat pad (FP). Note that the TA did not inhibit neurite outgrowth. Day 2. Scale bar = 100pm.

Figure C and D: Axons (arrows) growing from the dorsal root ganglion (DRG) towards the fat pad (FP in C) and the

tendon attachment (TA in D). There was no obvious preference for axons to grow towards the FP, while axons grew in

large numbers towards the tendon attachment. Day 3. Scale bar = 100pm.

Figure E: Axons growing preferentially (arrow) from the dorsal root ganglion (DRG) towards the tendon (T) over the fa 
pad (FP). Day 3. Scale bar = 200pm.

Figure F: Axons growing preferentially (arrow) from the dorsal root ganglion (DRG) towards the tendon (T) over the fiat 
pad (FP). Day 3. Scale bar = 200pm.

Figure G: Axons growing from the dorsal root ganglion (DRG) towards the fat pad (FP) increased in number but did not 

increase in length (black arrow), while axons growing towards the tendon (T) continued to grow in length and in number 

(white arrow) from the previous stage. Day 6. Scale bar = 200pm.
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FIGURES

Figure 10.3.1.

DRG

DRG
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Figure 10.3.2.

DRG

TARGET DERIVED NERVE GROW TH -  NEONATAL TARGETS 

Phase contrast and fluorescence images of day 13 o f competitive nerve growth in vitro.

Figure A: Axons from the dorsal root ganglion (DRG) grew preferentially towards the tendon attachment (TA - arrow). 
Note that the axons growing towards the fat pad stopped elongating towards the target (box). Scale bar = 200pm.
Figure B: High power view of the region highlighted in A. Note the peripheral terminal of the axon (black arrows) gives 
rise to a large number of fine arborisations (white arrows) which end in a rounded structure. Scale bar = 100pm.
Figure C and D: Phase contrast (C) and corresponding fluorescence (D) image of the axons growing preferentially 
towards the tendon attachment (TA). Neurofilament 200. DRG — dorsal root ganglion. Scale bar = 100pm.
Figure E and F: Phase contrast (A) and corresponding fluorescence image (B) illustrating the growth of axon over the 

surface of the tendon attachment. Neurofilament 200. Scale bar = 100pm.
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Figure 10.3.3.

TARGET DERIVED NERVE GROW TH -  NEONATAL TARGETS 

Phase contrast and fluorescence images o f day 13 o f competitive nerve growth in vitro.

Figure A and B: Phase contrast (E) and corresponding fluorescence (F) image of the axons (arrows) which stopped
growing towards the fat pad (FP). Neurofilament 200. DRG -  dorsal root ganglion. Scale bar = 100pm.
Figure C: Neurite terminals growing towards the fat pad from the dorsal root ganglion (DRG). Note the irregular 
appearance of the axons towards their peripheral terminals (arrows). Neurofilament 200. Scale bar = 100pm.
Figure D: Co-culture immunolabelled for neurofilament 200 to illustrate positively labelled axons growing from the
dorsal root ganglion (DRG) towards the tendon (T). Note that the axons follow 3 main pathways (arrows) towards the 

tendon. Scale bar = 100pm.
Figure E: Co-culture immunolabelled for neurofilament 200 to illustrate positively labelled axons (arrows) growing in a 

random, disorganised fashion in the opposite direction from the targets. Scale bar = 100pm.
Figure F: High power view of a neurofilament 200 positive axon branching (arrows) towards a target. Scale bar = 

100pm.
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TARGET DERIVED NERVE GROWTH -  NEONATAL TARGETS 

Phase contrast and oil red O stained bright field images of day 13 of competitive nerve growth in vitro.

Figure A: Phase contrast image of cells containing several lucent droplets (arrows) surrounding the adjacent regions of 

the tendon attachment (TA) and the fat pad (FP). Scale bar = 200pm.

Figure B: Oil red -  O stained culture to illustrate the presence of lipid droplets within the cells located between and
around the tissue explants. Scale bar = 500pm.

Figure C: Phase contrast image of numerous cells migrated from the tissue explants into the surrounding Matrigel* 

These cells had various morphologies from fibroblastic spindle-like cells (white arrow) to more rounded cells containing 

several lucent droplets of various sizes (black arrow). Scale bar = 200pm.

Figure D: Oil red -  O stained culture to illustrate the presence of lipid droplets within the rounded cells (black arrow) 

migrated from the tissue explants. Scale bar = 200pm.

Figure E: Phase contrast image of a tendon (T) explant in a co-culture containing a large number of cells with lucent
droplets (arrow). Scale bar = 100pm.

Figure F: Oil red -  O stained culture to illustrate the presence of lipid droplets within and surrounding the tendon 
explant. Scale bar -  500pm.

Figure G: Phase contrast image of a tendon attachment in a co-culture. Several cells within the tendon attachment 
contained cells with numerous lipid droplets (arrows). Scale bar = 100pm.

Figure H: Oil red -  O stained culture to illustrate the presence of lipid droplets (arrow ) within cells in the tendon 
attachment explant. Scale bar = 200pm.

- 260 -



In Vitro Study o f Target Derived Nerve Growth

Figure 10.3.4.
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Figure 10.3.5.

TARGET DERIVED NERVE GROW TH -  ADULT TARGETS 

Phase contrast images o f first 6 days of competitive nerve growth in vitro.

Figure A: Axons (arrows) growing from the dorsal root ganglion (DRG) towards a fibrocartilage (FC) explant from the 
Achilles tendon enthesis organ. Day 2. Scale bar = 100pm.
Figure B: Axons (arrows) from the dorsal root ganglion (DRG) growing away from an explant from the retromalleolar 

fat pad (FP). Day 2. Scale bar = 100pm.
Figure C: Axons from the dorsal root ganglion (DRG) growing preferentially towards the fibrocartilage (FC) of the 
tendon attachment (black arrow) over an explant from the retromalleolar fat pad (FP -  white arrow). Day 3. Scale bar = 

200pm.
Figure D: Axons (black arrows) growing from the dorsal root ganglion (DRG) around the fibrocartilage (FC) of the 

Achilles tendon enthesis. Day 6. Scale bar = 200pm.
Figure E: Axons (arrow) growing from the dorsal root ganglion (DRG) towards the fat pad (FP). Note the axons unlike 

those in figure E do not extend to the fat pad. Day 6. Scale bar = 100pm.
Figure F: Axons growing from the dorsal root ganglion (DRG) following 10 days of culture. White arrow indicates that 
axons are no growing towards the fat pad while they do grow towards the fibrocartilage (FC). Scale bar = 200pm.
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Figure 10.3.6

TARGET DERIVED NERVE GROW TH -  ADULT TARGETS 

Phase contrast, fluorescence and bright field images from 13 days of competitive nerve growth in vitro.

Figure A and B: Phase contrast (A) and corresponding fluorescence (B) image to illustrate axons growing towards and 
around (red arrow) the fibrocartilage (FC) explant and avoiding (white arrow) the fat pad (FP) explant. DRG - dorsal root 

ganglion. Scale bar = 200pm.
Figure C and D: Phase contrast (C) and corresponding fluorescence (D) image to illustrate axons growing towards but 

around a fibrocartilage (FC) explant. DRG - dorsal root ganglion. Scale bar = 100pm.
Figure E and F: Phase contrast (E) and corresponding brightfield images of an oil red -  O stained culture (F) to
illustrate the absence of cells containing lipid within and surrounding a fibrocartilage (FC) explant from the Achilles 

tendon enthesis. Scale bar = (E) 200pm and (F) 500pm.
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Figure 10.3.7.

TARGET DERIVED NERVE GROWTH -  CONTROLS 

Phase contrast, fluorescence and bright field images from 13 days of competitive nerve growth in vitro.

Figure A: Dorsal root ganglion (DRG) without any targets. Note the absence of axon outgrowth from the ganglion. Day 
13. Scale bar = 200pm.
Figure B: Oil red -  O stained culture containing only a dorsal root ganglion (DRG). Note the absence of lipid containing 
cells in this explant. However, in this culture axons grew out uniformly form the entire ganglion. Day 13. Scale bar = 

500pm.
Figure C and D: Phase contrast (C) and corresponding fluorescent (D) images of cultures where phosphate buffer (PB) 
was applied to the section in place of the primary antibody to illustrate there was non non-specific labelling present. Note 
the autofluorescence of the dorsal root ganglion (DRG) explant. Scale bar = 100pm
Figure E and F: Phase contrast (E) and corresponding fluorescent (F) images of cultures were rabbit immunoglobulins 
(RIG) were applied to the culture in place of the primary antibody to illustrate non non-specific labelling of the primary 
antibody was occurring. Note the autofluorescence of the dorsal root ganglion (DRG) explant. Scale bar = 100pm.
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10.4 DISCUSSION

The results illustrate that axons from DRG are not preferentially attracted to adipose tissue 

and neurites which grew towards the fat pad stopped elongating a short distance away from 

the tissue, at around 6 days in culture. These observations were made for tissue explants 

taken from animals at 7 days postpartum and adult tissue explants. Furthermore, axon 

growth was not inhibited by either the neonatal tendon attachment or the fully developed 

adult fibrocartilage. However, the axons growing towards the enthesis did not appear to 

penetrate the tissue but grew around it. These results therefore reject the hypothesis 

suggested denoted at the beginning of this chapter. In addition, it was observed that non- 

neuronal cells migrated out of the target tissue explants, and the majority of these cells 

contained lipid droplets. Lipid containing cells were identified within the neonatal tendon 

and tendon attachment explants but not in the adult fibrocartilage explants, in fact fewer 

migrating cells were seen in cultures containing adult explants.

In contrast to the original expectation, axons grew preferentially towards the tendon 

attachment, or fibrocartilage of the Achilles tendon enthesis. These observations are in 

contrast to the suggestion made by Johnson et al., (2002) in which axons are inhibited from 

growing over the ECM molecule - aggrecan isolated from the intervertebral disc, and those 

by Lidslot et al., (2000) who illustrated that explants from the nucleus pulposus inhibited 

axon outgrowth. However, it has been shown that with increasing time in culture, axons 

are able to adapt to an inhibitory substratum such as aggrecan by increasing the number of 

integrin receptors expressed on the growth cone (Condic et al., 1999). This adaptation may 

be occurring in this co-culture system, allowing axon growth over the fibrocartilage 

explant. More recently however, Johnson et al., (2006) indicated that aggrecan, co-cultured 

with cells from the IVD, did not inhibit axon outgrowth as drastically but permitted axons 

to grow over the matrix. The authors suggest that this may be due to neurotrophins such as 

NGF released by chondrocytes, as identified by Gigante et al, (2003) in various cartilages 

including the intervertebral disc. Therefore, a combination of cell-secreted factors and 

inhibitory matrix may carefully control through - as yet unknown - complex mechanisms, 

axon guidance around but not necessarily into the tissue (Johnson et al., 2006). This may 

explain the observations made here in which the explants contain both cells and 

extracellular matrix, and therefore the axons are not inhibited from growing towards or 

over the fibrocartilage explant but their growth is controlled around it. Furthermore, it has
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been demonstrated that significantly more chondrocytes in osteoarthritic cartilage from 

knee joints express NGF (Iannone et al., 2002). Although the authors suggest this is likely 

to play a role in cell metabolism and has no bearing on the innervation of the articular 

cartilage (Iannone et al., 2002), if the same increase in cells expressing NGF holds true for 

the enthesis, these cells may play a role in neo-innervation of the tissue under pathological 

conditions, as has been suggested in the IVD (Abe et al., 2007).

However, this does not explain the observations made concerning the tendon attachment 

prior to fibrocartilage differentiation. In contrast to the hypothesis, axons were attracted to 

the tendon attachment and grew around the explant, suggesting that this region does not 

express inhibitory factors such as Sema3A to inhibit nerve growth during development. It 

may be that the expression of inhibitory factors was uown-regulated before the age at 

which this study was carried out, and therefore it may be interesting to identify in further 

research (possibly with the use of in situ hybridisation) the presence or absence of 

attractive or inhibitory neuronal factors during pre-natal development of the rat Achilles 

tendon enthesis organ.

It is well known that tendons are innervated (Ackermann, 2001, Ackermann et al., 1999), 

however, little is known about the developmental control of this innervation. The present 

study suggests that neurotrophins may be expressed by the tendon to attract nerve fibres 

towards it. Further studies are required to confirm this and identify which neurotrophins 

are involved although the presence of peptidergic and mechanoreceptive fibres (as 

identified previously -  see chapter 3 and by Ackermann et al., (1999) suggests that NGF 

and BDNF may be implicated.

Although, as described above, several studies have demonstrated that adipose tissue 

expresses neurotrophins which attract axon outgrowth including NGF (Peeraully et al., 

2004), it was demonstrated here that axons growing from lumbar DRG were inhibited by 

adipose tissue explants from the retromalleolar fat pad and the growth cones at the 

peripheral lerrnrnal of these axons appeared to round up following arborisation, lhis 

indicates that an inhibitory signal, such as Sema3A, was present within the adipose tissue 

that prevented further outgrowth of the axons. This correlates with the observations made 

by Giordano et al., (2003) who identified the expression of Serna3A from white adipocytes 

in rodent white adipose tissue, correlating with other studies which have demonstrated that
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adipose tissue inhibits nerve growth during peripheral nerve regeneration (Weis and 

Schroder, 1989a; b). However, previous studies have demonstrated (see chapter 3) that the 

pre-adipocyte containing fat pad in the neonatal rat is highly innervated, therefore the fat 

pad may be specified to become innervated prior to differentiation of the adipocytes 

(although the exact time point is unknown), possibly through the higher expression of NGF 

from the pre-adipocytes (Peeraully et al., 2004). Following differentiation, NGF and 

SemaBA may carefully control the innervation and plasticity of nerve fibres within the fat 

pad preventing over-innervation (Giordano et al., 2003), which may also have a profound 

effect on the adipocytes themselves (Niijima, 1998). This may therefore explain the 

inhibition of nerve fibres growing towards the fat pad in this experiment as it was already 

innervated at birth - a mechanism which may be controlled through up-regulation of 

neurophilin-1 on the growth cones during this period of development (Pond et al., 2002); 

resulting in increased sensitivity to Sema3A released by differentiated adipocytes 

(Giordano et al., 2003). However this needs to be determined in further studies. It would 

also be interesting to understand the expression of the relative neurotrophins, 

semaophorins, and their receptors in adipose tissue in pathology of tendons and entheses, 

where adipose tissue accumulation is observed.

NEONATE

,o

o,o

NGF?

Fat pad precursor 
containing preadipocytes

7 DAY POSTNATAL

Peptidergic neuron 
growing towards fat pad 
precursor

Up-regulation of Neurophilin-1 ?

Sema3A?

Axon outgrowth inhibited
Fat pad containing 
differentiated adipocytes

Figure 10.4.1: Proposed mechanism for the temporal regulation o f the innervation of the retromalleolar fat

pad.

It was also observed during this experiment that a number of cells migrated from the tissue 

explants into the surrounding Matrigel®. A large population of these cells contained large
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and numerous lipid droplets suggesting they were differentiating adipocytes (Slavin, 1979). 

It is likely that these cells had migrated out of the fat pad explant. These migrating cells 

were more frequently observed in tissue cultures obtained from 7 day animals than adult 

explants; this may reflect that a larger number of pre-adipocytes are present within the 

developing fat pad than the mature fat pad. However, developing adipocytes were also 

observed within and around tendon and tendon attachment tissue explants. It is possible 

that pre/adipocytes attached to the explants were not removed during dissection and 

differentiated. This may not however, explain the large number of developing adipocytes 

within the tissue itself. It has recently been demonstrated that a large population of tendon 

fibroblasts isolated from human adolescent tendons have the ability to transdifferentiate 

into adipocytes in the presence of adipogenic media (de Mos et al., 2007). Furthermore, it 

is also understood that adipocytes are able to secrete large numbers of cytokines including 

adipogenic factors such as adiponectin (Fu et al., 2005); therefore the adipocytes from the 

fat pad within the co-culture may have stimulated the transdifferentiation of fibroblasts 

within the tendon and tendon attachment site. This may therefore have implications in 

understanding the pathogenesis of enthesopathies and tendonoses where lipid accumulation 

is frequently observed (de Mos et al., 2007; Jarvinen et al., 1997; Jozsa and Kannus, 1997). 

However, it is understood that connective tissue cells can accumulate lipid in vitro (Gordon 

et al., 1977) and this should not be dismissed. In contrast, the fibrocartilage from the adult 

enthesis showed comparatively very few cells accumulating lipid droplets. This may be 

because the fat pad within the co-culture is also from the adult and contains fewer 

preadipocytes/undifferentiated cells able to migrate from the tissue to the fibrocartilage 

explant.

Due to time and resource restrictions, the current study was only a preliminary one, and 

despite some interesting observations, much more work is needed to clarify the situation 

e.g. to determine which neurotrophins are involved in controlling the primary innervation 

of the enthesis. This could be achieved by blocking neurotrophins with the appropriate 

anti-sera, which would specifically determine the factors involved. It would also be 

important to carry out these experiments at different developmental periods, both pre- and 

postnatally, in order to find an explanation for some of the observations made here. In 

addition, quantification of the number and length of axon outgrowth would allow 

statistically based comparison between experiments.
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In summary, this preliminary study has illustrated that there is a complex control 

mechanism over the innervation of the rat Achilles tendon enthesis organ. It appears that 

the precursor of the enthesis fibrocartilage, and the fibrocartilage of the enthesis itself do 

not release inhibitory signals to prevent innervation. It is likely that the innervation of the 

enthesis fibrocartilage is regulated by both the extracellular matrix and the cells within the 

tissue. Furthermore, the retromalleolar fat pad becomes innervated prior to adipocyte 

differentiation, and following this differentiation the fat pad releases inhibitory signals to 

growing sensory axons, possibly to prevent over-innervation of the fat pad.
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Chapter 11

11. GENERAL DISCUSSION

It is the purpose of this chapter is to bring together the different aspects of this thesis that 

for organisational reasons have been presented as separate chapters, discuss some of the 

clinical implications of the work and outline possible directions for further research. An 

attempt has been made to summarise the findings that have been presented in earlier 

chapters in such a way as to highlight the rationale underpinning the overall study design 

and the evolution of ideas.

Summary offindings -  the progression o f ideas and their clinical importance

As enthesopathies are known to be painful conditions, the study began with an extensive 

investigation into the innervation of the rat Achilles tendon enthesis organ. Somewhat 

surprisingly, this showed that the enthesis fibrocartilage and its associated sesamoid and 

periosteal fibrocartilages were aneural at all ages studied. In the ‘normal’ animal, it was 

thus clear that the avascular and aneural nature of the fibrocartilages paralleled that of 

articular cartilage (Kuettner and Pauli, 1983; Toynbee, 1841)} and other cartilaginous 

tissues -  e.g. the nucleus pulposus of the intervertebral disc (McCarthy et al., 1991).

The only part of the rat Achilles tendon enthesis organ that was innervated was the 

retromalleolar fat pad. Previous studies had shown that the fat pad moves in and out of the 

retrocalcaneal bursa during foot movements (Canoso et al., 1988; Theobald et al., 2006) 

and the 3D reconstructions of the hindfoot presented in chapter 6 suggest that it but is 

compressed as these movements occur. Movement of the fat pad may stimulate nerve 

fibres within it and allow the fat to have a proprioceptive role in monitoring insertional 

angle change between tendon and bone. This proposition was supported by the 

observations presented in chapters 4 and 5, which highlight the intimate relationship 

between the nerve fibres and adipocytes within the fat pad. A schematic 3D representation 

of this association was created it illustrate this point. In the light of these findings, the 

question was subsequently posed: what is the ultrastructural relationship between the 

adipocytes and the nerve fibres? Transmision electron microscopy of the retromalleolar fat 

pad in the rat showed that nerve fibres weaved between the very small spaces that existed 

between adjacent adipocytes, but were surrounded by varying amounts of fibrous 

connective tissue. Consequently, nerves did not come into direct contact with adipocytes. 

This may be an adaptation to protect the nerve from damage during compression of the fat
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pad during foot movement. The contribution of the intra- and extra-articular fat pads to 

ankle and knee joint proprioception has previously been suggested by Freeman and Wyke, 

(1965, 1967a, 1967b, 1967c) in the cat, who demonstrated their innervation with free and 
encapsulated nerve endings.

The retromalleolar fat pad may also be a source of pain in pathology associated with the 

enthesis and/or the Achilles tendon itself, in a similar manner to Hoffa’s fat pad in the knee 

which has been implicated in anterior knee pain (Bennell et al., 2004). The peptidergic 

nerve fibres within the retromalleolar fat pad may be stimulated if the fat becomes 

impinged between the tendon and superior calcaneal tuberosity, or in patients with 

retrocalcaneal bursitis where the fat pad is prevented from moving in and out of the bursa 

(Canoso, 1998). This study also suggests that neo-vascular invasion of entheses could be a 

source of pain in enthesopathies. The blood vessels penetrating into the enthesis were 

frequently seen to originate from the region of Kager’s fat pad that was associated with the 

Achilles tendon. In line with this hypothesis, Alfredson and colleagues have demonstrated 

with colour Doppler ultrasound that neo-vascular invasion is present in patients with 

painful tennis elbow (Zeisig et al., 2006a; b), and patients with painful Achilles and patellar 

tendinosis (Alfredson and Ohberg, 2005; Alfredson et al., 2003), while neo-vascular 

invasion was not present in patients without symptoms. The latter studies also illustrate 

(but do not discuss) that neo-vascular invasion is most prominent in the deep part of the 

tendon adjacent to Hoffa’s or Kager’s fat pads. It may therefore be suggested that 

structural deposits of adipose tissue located at entheses (Benjamin et al., 2004b) could be a 

source of neo-vascular invasion of attachment sites, and thus be a source of pain. Adipose 

tissue should therefore be considered as a possible target for treatments in enthesopathies. 

However, the mechanical role of these fat pads must be remembered before taking drastic 

measures to stop or prevent pain, as any procedure that reduces the size of the fat pad (e.g. 

surgery) may well adversely affect the ability of the fat pad to dissipate stress and monitor 

movement at these locations (Benjamin et al., 2004b).

In view of the aneural nature of all the fibrocartilages associated with the attachment of the 

Achilles tendon, a question that now needed to be addressed was ‘what inhibits the in

growth of nerve fibres into the fibrocartilage?’ It has previously been demonstrated that 

high levels of aggrecan inhibit axonal outgrowth from DRG (Johnson et al., 2002), and it 

was therefore anticipated that the presence of aggrecan in the fibrocartilage of the rat

-271 -



General Discussion

Achilles tendon enthesis organ could inhibit its innervation, as suggested in the IYD 

(Johnson et al., 2002). However, aggrecan is not present at the attachment site until 2 

weeks postpartum (Rufai et al., 1992). Therefore, it is possible that inhibitory nerve 

growth factors may control axon growth during development of the enthesis to prevent its 

innervation. This hypothesis was tested using in vitro target derived nerve growth which 

demonstrated that axons from lumbar DRG are not inhibited from growing towards the 

attachment of the Achilles tendon in the 7 day-old rat; the nerve fibres however did not 

grow into the tissue itself. Further investigation is therefore necessary to identify how 

nerve growth is controlled during development of the enthesis organ and the stages at 

which this occurs. In addition, this study established that explants from the fully 

differentiated fibrocartilage in the adult rat Achilles tendon enthesis did not inhibit axon 

growth either. This may be explained by the presence of fibrocartilage cells within the 

explant which may promote axonal growth over an aggrecan rich tissue (Johnson et al., 

2006). These observations suggest that there is a complex mechanism controlling the 

innervation of fibrocartilaginous structures such as entheses, which is balanced by an 

inhibitory extracellular matrix (Johnson et al., 2002) and the growth-promoting resident 

cells (Johnson et al., 2006). Loss of this equilibrium in the enthesis fibrocartilage under 

pathological conditions is therefore likely result in neurovascular invasion of the tissue -  as 

suggested in the IVD (Abe et al., 2007; Freemont et al., 2002b; Johnson et al., 2006).

The interesting observation that the retromalleolar fat pad is highly innervated and is able 

to move in and out of the retrocalcaneal bursa to prevent pressure changes indicates that the 

fat pad is not merely a passive space-filler in the posterior region of the ankle. Other 

possible functions of the fat thus needed to be considered in this thesis. In view of the 

immunological functions of adipose tissue in other locations of the body such as the 

peritoneal cavity (Krist et al., 1995), it is possible that the retromalleolar fat pad has similar 

functions. Thus, the presence of inflammatory macrophages and neurtrophils in the fat was 

explored and it was demonstrated that the retromalleolar fat pad may be a source and 

possible conduit for macrophages and other inflammatory cells to pass into the 

retrocalcaneal bursa. Under normal conditions these cells may phagocytose cellular debris 

generated by wear and tear at the entheses. However in susceptible individuals, the fat pad 

could also act as a source of inflammatory cells in autoinflammatory conditions. The fat 

pad, here and at other locations such as the knee joint, should therefore also be considered 

as a site for treatment in such conditions, and the functional importance of these regions
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should be remembered during surgical procedures. The inflammatory cells located within 

the fat pad may also play a role in hyperalgesia through the release inflammatory cytokines, 

such as tumour necrosis factors, interleukins and histamine under conditions of tissue 

damage (Cunha et al., 1992; Foreman, 1987; Jancso et al., 1968). Furthermore, it is the 

current popular view that pathological conditions affecting tendons and entheses are 

primarily degenerative in nature and rarely inflammatory (Khan et al., 1999a); however, 

authors rarely look at structures located in the close vicinity of tendons (such as the fat 

pad), where inflammation may be present. Furthermore, Benjamin and McGonagle (2007) 

have recently demonstrated the presence of inflammatory cells at numerous enthesis in 

dissecting room cadavers, and suggest that these cells may be involved in early 

mechanisms of pathology associated with attachment sites.

Given that the retromalleolar fat pad may function as an important proprioceptive, 

immunological and stress dissipating organ, the next question addressed was ‘does the fat 

pad vary in size according to the weight of the individual?’. It was demonstrated that 

unlike other adipose tissue deposits, Kager’s fat pad does not vary with the weight of the 

individual. Instead, the size of the fat pad correlates better with the skeletal size of the 

individuals. This supports the idea of Benjamin et al., (2004b) and Theobald et al.,(2006) 

that the fat pad plays an essential role in dissipating stress away from the tendon-bone 

interface. The dietary independence of the fat pad was confirmed with the use of rats 

injected with the appetite-inducing hormone Ghrelin. The lack of influence of Ghrelin on 

the size of the fat pad is in line with the observations of Davies and White (1961) who 

demonstrated that only in extremely emaciated individuals, does Kager’s or Hoffa’s fat pad 

undergo lypolysis. This might be of particular interest to athletes with very low body fat 

content -  e.g. distance runners. Loss of adipose tissue in joints and at entheses may have 

severe implications on the amount of stress experienced at these sites.

Since it was understood that the retromalleolar fat pad is a structural adipose tissue deposit, 

it was now considered of interest to determine the time point at which the fat pad develops 

in relation to the rest of the Achilles tendon enthesis organ. The results of the 

developmental study presented in chapter 7 showed that adipogenesis occurred in Kager s 

fat pad prior to differentiation of the sesamoid and periosteal fibrocartilages, but after the 

formation of the retrocalcaneal bursa. The early differentiation of adipose tissue in Kager s 

fat pad reflects its proposed importance in proprioception, stress dissipation and
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immunological protection. In the light of the developmental study, it would be interesting 

to know the effect of developmental abnormalities (e.g. clubfoot), on the structure, function 

and development of Kager’s fat pad and the effect this may have on its now known 

functions. Ethical considerations however make it unlikely that such a question could be 
easily addressed.

Much of this thesis focussed on the fibrocartilaginous enthesis of the Achilles tendon, but 

the question was also posed as to whether other types of entheses are also aneural. 

Furthermore, are entheses in other animals, other than the rat, also aneural? To answer 

such questions, the innervation of the fibrous enthesis of the MCL, and the muscular 

enthesis of tibialis anterior in the rat were described along, with the innervation of the 

proximal enthesis of the equine suspensory ligament. The fibrous enthesis of the MCL 

proved also to be aneural, however, the muscular entheses of tibialis anterior had a large 

sensory nerve supply, and spindle-like nerve endings were located in the connective tissue 

which anchored the muscle to the underlying periosteum. The nerve fibres at muscular 

entheses are likely to play a significant role in proprioception by monitoring stretch of the 

collagen fibres at the attachment, in a similar manner to Golgi-tendon organs (Houk and 

Simon, 1967). Nociceptive nerve fibres were also present at the muscular enthesis, 

indicating that this region is also a potential source of pain in injuries and may be involved 

in conditions such as shin splints. The most obvious difference between 

fibrous/fibrocartilaginous entheses and muscular entheses is the surface area of the 

attachment. Tendinous attachments are considerably more discrete than muscular 

attachments which may reduce the stress concentration significantly enough to allow their 

innervation. The proximal enthesis of the equine suspensory ligament was described 

histologically as a mixed enthesis with both fibrous and fibrocartilaginous regions, both of 

which were aneural in the asymptomatic animal. Interestingly, this enthesis was also 

associated with a region of adipose tissue, located between the ligament and the bone 

which contained a large number of encapsulated nerve endings and free nerve fibres. It is 

therefore proposed that in the majority of mammals, adipose tissue at entheses has 

proprioceptive functions, but may also be involved in entheses pathology and pain at these 

sites. The substantial importance of adipose tissue at entheses and in other musculoskeletal 

regions should therefore be recognised by practising clinicians.
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Future Research

This study identified numerous novel functions of the retromalleolar fat pad of the Achilles 

tendon enthesis organ. Suggested below are points for future research associated with this 

structure and the innervation of entheses in general which may shed more light on 

proprioception within the musculoskeletal system and the genesis of pain at attachment 
sites.

♦> The role of the retromalleolar fat pad in the seronegative spondyloarthropathies 

requires further investigation. This may be done with the use of the IILA-B27 

transgenic mouse model, ANKENT, which develops mild inflammation, 

progressive stiffening, cartilage proliferation at entheses and finally ossification of 

the ankle and tarsal joints in the hmdlimb (Euldennk et al., 1998’ Weinreich et al., 

1995). It would be interesting to assess the contribution of inflammatory cells from 

the fat pad during the development of the disease; in addition to the effect of TNF-a 

blockers and non-steroidal anti-inflammatory drugs (NSAID) on this animal model 

when applied to the fat pad. Furthermore, it is essential to assess the effect of these 

treatments on the fat pad throughout the lifetime of the animal and their influence 

on lipolysis.

❖ The importance of adipose tissue at entheses may be confirmed with the use of a 

different animal model. The A-ZIP/-1 transgenic mouse strain lacks white adipose 

tissue throughout their lifetime (Moitra, 1998). The ability to evaluate any 

structural differences between control and transgenic mice in the nature of the 

Achilles tendon enthesis organ in the absence of the retromalleolar fat pad would be 

invaluable — if indeed this animal model does not possess a fat pad at all.

❖ It has been suggested in this thesis that the retromalleolar fat pad contains 

pluripotent mesenchymal stem cells (MSCs) as numerous fibrocartilaginous/bony 

condensations were observed within it the fat pad in both man and rat. Confirming 

the presence of MSCs within the retromalleolar fat pad, possibly with the use if 

flow-cytometry, may shed some light on the ability of entheses to repair themselves 

(Newsham-West et al., 2007; Silva et al., 2002). At present the occurrence of stem 

cells at entheses/enthesis organs has yet to be determined and is clearly an avenue 

worth exploring, considering the frequency at which the surgical reattachment of 

tendons and ligaments is performed (Wagner et al., 2006), and the current interest 

in stem cells in tissue engineering.
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❖ The biochemical composition of the fat pad has not been addressed in this thesis, 

but is necessary to understand fully the biology and function of the fat pad. The 

fatty acid composition, protein content, rate of fatty acid synthesis and 

incorporation, rate of insulin induced lipogenesis, and glucose utilisation should be 

compared with other adipose tissue deposits such as the subcutaneous, peritoneal, 

cardiac, and calcaneal fat pads.

❖ A recent study by Langberg et al., (1999) demonstrated that levels of inflammatory 

cytokines (prostaglandin E2), carbohydrate and lipid metabolism increased in the 

Achilles associated region of Kager’s fat pad (tested as what the authors described 

as “peritendinous tissue”) with dynamic loading. This was assessed with the use of 

microdialysis in healthy human volunteers. In the light of these observations, it 

would be interesting to assess the alteration in levels of the same factors in the tip of 

Kager’s fat pad with active loading of the Achilles tendon and flexor hallucis 

longus. This could be addressed using the same microdialysis approach.

❖ Current investigations on musculoskeletal innervation usually focus primarily on 

just one part of the musculoskeletal unit. Indeed, this has been the approach in the 

current thesis. However, to understand the system as a whole, it would be beneficial 

to examine an entire muscle-tendon-bone unit and quantitatively assess the density 

of innervation by injecting each region with neuronal tracers, and counting the 

number and type of cell bodies highlighted within the corresponding DRG. This 

would pinpoint regions of the musculoskeletal system which are particularly 

important in proprioception or nociception. The innervation of specialised regions 

within the muscle-tendon-bone unit such at ‘functional entheses’ is also of interest. 

It may be hypothesized that they are also likely to be aneural because they are 

commonly fibrocartilaginous.

❖ Although the topic was only briefly addressed in this thesis, further research is 

required to determine the mechanisms which control the development and 

innervation of entheses. The in vitro investigation described in chapter 10 needs to 

be repeated at different developmental time points. Furthermore, the application of 

antibodies to block the receptors for NGF/BDNF and semaphorins would indicate 

which signalling mechanisms which control entheseal innervation. This might also 

highlight possible treatments that could be used to prevent or slow neo-vascular 

invasion in enthesopathies/tendinopathies.
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APPENDIX I

Solutions
1 OOmM Phosphate Buffer (PB)

lOOmls 200mM sodium dihydrogen orthophosphate (NaH2P 0 4.2H20  -  31.2g/litre) (Fisher Scientific, 

Loughborough, UK)

400mls 200mM di-sodium hydrogen orthophosphate anhydrous (Na2HP04 -  28.4g/litre) (Fisher Scientific, 

Loughborough, UK)

500mls distilled H20

1 OOmM Phosphate Buffer (PB) 0.01% triton X

lOOmls 200mM sodium dihydrogen orthophosphate (NaH2P 0 4.2H20  -  31.2g/litre)

400mls 200mM di-sodium hydrogen orthophosphate anhydrous (Na2H P04 -  28.4g/litre)

500mls distilled H20

lm l Triton X (Sigma-Aldrich, Gillingham, UK)

4% Paraformaldehyde (PFA) in lOOmM PB 

200mls distilled H20

16g PFA powder (Fisher Scientific, Loughborough, UK)

4 drops NaOH (1M - Fisher Scientific, Loughborough, UK)

4 drops HC1 (1M - Fisher Scientific, Loughborough, UK)

40mls 200mM sodium dihydrogen orthophosphate (NaH2P 0 4.2H20  -  31.2g/litre)

160mls 200mM di-sodium hydrogen orthophosphate anhydrous (N a2H P04 -  28.4g/litre)

4% Paraformaldehyde (PFA) and 2% Gluteraldehyde in 1 OOmM PB 

200mls distilled H20

16g PFA powder (Fisher Scientific, Loughborough, UK)

4 drops NaOH (1M - Fisher Scientific, Loughborough, UK)

4 drops HC1 (1M - Fisher Scientific, Loughborough, UK)

40mls 200mM sodium dihydrogen orthophosphate (NaH2P 0 4.2H20  — 31.2g/litre)

160mls 2OOmM di-sodium hydrogen orthophosphate anhydrous (Na2H P04 -  28.4g/litre) 

lOmls 25% Gluteraldehyde (Agar Scientific, Stansted, UK)

10% ethylenediaminetetraacetic acid (EDTA) disodium salt solution 

lOOmls lOOmM PB

12.5gNaOH pellets (Fisher Scientific, Loughborough, UK)

lOg ethylenediam inetetraacetic acid (EDTA) disodium salt (Fisher Scientific, Loughborough, UK)
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5% Sucrose solution 

lOOmls lOOmM PB

lOg Sucrose (Fisher Scientific, Loughborough, UK)

Tris Buffer (TB) pH  7.0

5mls 200mM Tris stock solution (4.8g Tris Base (Fisher Scientific, Loughborough, UK) in lOOmls dH20 ) 

1.7mls IN HC1 (Sigma-Aldrich, Gillingham, UK)

3.3mls H20

TB pH 8.2

5mls 200mM Tris stock solution

1.2mls IN HC1 (Sigma-Aldrich, Gillingham, UK)

4.3mls H20

TB, 0.1% Bovine serum albumin (BSA)

lOmls TB pH 7.0 or 8.2 solution

3.3mg BSA (Sigma-Aldrich, Gillingham, UK)

Reynold's Lead citrate solution

1.33g Lead Nitrate (Fisher Scientific, Loughborough, UK)

1.76g Sodium Citrate (Fisher Scientific, Loughborough, UK)

30mls H20

0.7% Pioloform solution 

50mls 1,2 Dichloroethane

0.35g Pioloform Powder (Agar Scientific, Stansted, UK)

Sodium Ethoxide

lOOmls 100% Ethanol (Fisher Scientific, Loughborough, UK)

5.5g Sodium Hydroxide (Fisher Scientific, Loughborough, UK)

Bromodeoxyuridine solution 

lOmls Tris pH7.6 

250mg BrdU

500pl = 12.5mg given to a 250g rat (50mg/kg)

LI5 dissecting media (Gift from Prof. A. Davies)

1 pot of LI 5 powder (Gibco-lnvitrogen, Paisley, UK)

1L dH20  and mix thoroughly

60mg Penicillin (Sigma-Aldrich, Gillingham, UK)

lOOmg Streptomycin (Sigma-Aldrich, Gillingham, UK)
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Mix and makle to pH 1.2-1 A

Filter using sterile pump filter (Millipore, Watford, UK)

Ham’s FI5 culture media (Gift from  P ro f A. Davies)

1 pot of F 12 powder (Gibco-Invitrogen, Paisley, UK)

1L dH20  and mix thoroughly

60mg Penicillin (Sigma-Aldrich, Gillingham, UK)

lOOmg Streptomycin (Sigma-Aldrich, Gillingham, UK)

Remove 100ml o f the solution then add 100ml horse serum (Sigma-Aldrich, Gillingham, UK) 

Filter using sterile pump filter (Millipore, Watford, UK)

FI 4 final growth medium (Gift from P rof A. Davies)

500mg sodium hydrogen carbonate (BDH Laboratory Supplies, Poole, UK)

250ml distilled water and mix 

Remove 25ml and discard 

25mls F14 stock solution 

lOmls L-Glutamine

5.5ml Albumax I (20g/100ml - Gibco-Invitrogen, Paisley, UK) containing - 

160mg Putrescine

lml Progesterone (0.625mg/ml in ethanol)

10ml L-thyroxine (0.4mg/ml in ethanol)

10ml Sodium selenite (0.4mg/ml in PBS)

10ml Tri-Iodothyroxine (0.34mg/ml in ethanol)

Filter using sterile pump filter (Millipore, Watford, UK)

Dur copanR 

lOmls A/M resin 

1 Omls solution B 

0.35mls solution C 

0.15mls solution D

Procedures
Haematoxylin & Eosin stain

De-wax in xylene and rehydrate in alcohol

Wash in running tap water (5 min)

Stain in Mayer’s Haematoxylin (10 min - RA Lamb Medical Supplies, Eastbourne, UK)) 

Wash in running tap water until clear

Stain in 1% Aqueous Eosin (5 min - RA Lamb Medical Supplies, Eastbourne, UK)

Wash in running tap water (30 sec)

Rehydrate in alcohol and clear in xylene 

Mount in DPX and coverslip
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Masson’s trichrome stain

De-wax in xylene and rehydrate in alcohol

Stain in Celestine blue B (10 min)

Wash in running tap water until clear

Stain in Mayer’s Haematoxylin (10 min - RA Lamb Medical Supplies, Eastbourne, UK) 

Wash in running tap water until clear 

Stain in Ponceau/acid fuchin (5 min)

Wash in running tap water (30 sec)

Differentiate in 1% phosphomolydic acid (5 mns)

Transfer directly to light green stain (2 min)

Wash in running tap water until clear

Wash in 1% acetic acid

Wash briefly in running tap water (30 sec)

Rehydrate in alcohol and clear in xylene 

Mount in DPX and coverslip

Van Gieson stain

De-wax in xylene and rehydrate in alcohol 

Stain slides in M iller’s elastic stain at 60°C 

Wash in 95% alcohol 

Wash in running tap water until clear 

Stain in Celestine blue B (10 min)

Wash in running tap water (1 min)

Stain in Mayer’s Haematoxylin (10 min - RA Lamb Medical Supplies, Eastbourne, UK) 

Wash in running tap water (5 min)

Stain in Van Gieson’s stain (3 min)

Wash briefly in tap water (30s)

Dehydrate in alcohol and clear in xylene 

Mount in DPX and coverslip 

Toluidine blue

De-wax in xylene and rehydrate in alcohol 

Apply toluidine blue to sections (30 sec)

Wash in running tap water until clear 

Drain and blot slides dry with filter paper 

Air dry for a few minutes 

Clear in xylene

Mount using DPX and coverslip
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APPENDIX III

Publications Arising from this Work

FULL LENGTH PUBLICATIONS

Shaw H.M, Santer R.M, Watson A.H.D, and Benjamin M. (2007) Structure -  function 

relationships of entheses in relation to mechanical load and exercise. Scand. J. Med and 

Sci in Sports. Aug; 17 (4): 303-15.

Shaw H.M, and Benjamin M. (2007) Adipose tissue at Entheses: The Innervation and cell 

composition of the retromalleolar fat pad associated with the Achilles tendon. J.Anat. Aug 

3; Epub ahead of print.

ABSTRACTS

Shaw H.M, Santer R.M, Watson A.H.D, and Benjamin M. (2006) The innervation of the 

enthesis organ of the rat Achilles tendon. J. Anat March 208 (3) pp 204. Paper #21. (Oral 

presentation).

Shaw H.M, Milz S, Biiettner A, Santer R.M, Watson A.H.D, and Benjamin M. (2006) The 

Innervation of Kager’s Fat Pad in Man. Winter meeting o f the ASGBI in Oxford (Poster 

Presentation).

Shaw H.M, Milz S, Biiettner A, Santer R.M, Watson A.H.D, and Benjamin M. (2006) The 

Innervation of the enthesis organ o f the rat Achilles tendon. Medicine and Science in Sports 

and Exercise. May 38 (Supplement No.5) Paper #2426 (Poster Presentation).

Shaw H.M, Santer R.M., Watson A.H.D., and Benjamin M. (2006) The Structure and 

Innervation of the Muscular Origin of Tibialis Anterior in the Rat. Joint summer meeting o f 

the ASGBI and Spanish Anatomical Society (SPA) in Madrid (Poster Presentation)
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Summer meeting o f the ASGBI in Cardiff (2005) (Oral Presentation)

Published in Journal o f  Anatomy (2006); March 208 (3) pp 204. Paper #21

The innervation of the enthesis organ of the rat Achilles tendon
H.M. Shaw, R.M. Santer, A.H.D.Watson, and M. Benjamin 

School o f Biosciences, Cardiff University, Cardiff UK.

The enthesis (bony insertion site) is a common site of overuse injuries in sport and a region 

that is also commonly affected in patients with ankylosing spondylitis. Because insertional 

tendinopathies can be very painful, it is often assumed that entheses are richly innervated. 

However there is little evidence to confirm this assumption, and thus we have investigated 

the nerve supply to the Achilles tendon enthesis in the rat. This insertion site is one of the 

most complex of tendon attachments. Together with adjacent structures, it forms part of an 

'enthesis organ'. The other structures include a sesamoid fibrocartilage in the tendon, a 

periosteal fibrocartilage on the calcaneus, and Kager's fat pad which protrudes into the 

retrocalcaneal bursa. Enthesis organs were removed from 3 male Wistar rats at each of the 

following ages - neonates, 4 week, 12 week and 24 month. The tissue was prepared for 

indirect immunofluorescence and cryosections cut in the sagittal plane. The presence of 

nerve fibres in the different parts of the enthesis organ was evaluated in serial sections 

immunolabelled with polyclonal antibodies against protein gene product 9.5, substance P, 

calcitonin gene related peptide, and neurofilament 200. At all ages, the enthesis itself and 

the sesamoid and periosteal fibrocartilages were not innervated, but the fat pad was 

supplied by nerve fibres immunoreactive to substance P, calcitonin gene related peptide, 

and neurofilament 200. We suggest that healthy entheses are not innervated because 

insertion sites experience high levels of mechanical load. However, the striking innervation 

of the fat pad suggests that it may have an unheralded proprioceptive role monitoring 

changes in insertional angle between tendon and bone that occur as a result of foot 

movements. Prominent mast cells seen in toluidine blue sections within the fat pad may 

play a role in neurogenic inflammatory responses.
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American Collagen o f  Sports Medicine (ACSM) 53rd Annual Meeting in Denver, 
Colorado (2006). Published in the Abstract issue o f Medicine and Science in Sports and 
Exercise (2006); May 38 (Supplement No. 5) Paper #2426 (Poster Presentation)

The Innervation of the enthesis organ of the rat Achilles tendon
H.M. Shaw , S. Milz2, A. Biiettner , R.M. Santer1, A. W atson1, and M. Benjamin1 School of Biosciences, 

Cardiff University, AO Research Institute, Davos, Switzerland and 3Institut fur Rechtsmedizin, Ludwig- 

Maximilians-Universitat, Munich, Germany

PURPOSE: The enthesis (bony insertion of a tendon or ligament) is a common site of 

overuse injuries in sport. Because enthesopathies can be painful, it is often assumed that 

the enthesis is highly innervated — but with little evidence to support the assumption. The 

Achilles tendon has one of the most complex of attachment sites, for together with adjacent 

tissues, the enthesis itself forms part o f an ‘enthesis organ’ which reduces stress 

concentration at the bony interface. These adjacent structures include a ‘sesamoid 

fibrocartilage’ in the tendon, a ‘periosteal fibrocartilage’ on the superior tuberosity of the 

calcaneus, and a fat pad which extends into the retrocalcaneal bursa during plantarflexion. 

The purpose of the present study is to investigate the innervation of the whole enthesis 

organ complex. METHODS: The tendon attachment site was removed from one leg of 3 

male Wistar rats at each of the following ages -  neonates, 4 weeks, 12 weeks, and 24 

months. The tissue was fixed in 4% paraformaldehyde, prepared for routine indirect 

immunohistochemistry and cryosectioned in the sagittal plane. Serial sections were 

immunolabelled with polyclonal antibodies to protein gene product 9.5, substance P, 

calcitonin gene related peptide and neurofilament 200. Histology reference sections were 

stained with toluidine blue. RESULTS: No nerve fibres were detected at the enthesis itself 

or in the sesamoid and periosteal fibrocartilages in rats of any age. However, the fat pad 

was richly supplied by nerve fibres which immunolabelled with all of the antibodies used. 

It also contained abundant mast cells. The innervation of the fat pad was confirmed in 10 

human Achilles tendons obtained from the Department of Forensic Medicine at the 

Ludwig-Maximilians-Universitat, in accordance with the ethical regulations of Munich 

University. The nerve fibres again immunolabelled with all antibodies and formed an 

intricate network in which the fibres lay between individual fat cells. CONCLUSION: We 

suggest that healthy entheses are not innervated because of the high levels of mechanical 

loading experienced at insertion sites. However, the striking innervation of the adjacent fat 

pad suggests that it may have an unheralded proprioceptive role monitoring changes in 

insertional angle between tendon and bone that occur as a result of foot movements.
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Winter meeting o f  the ASGBI in Oxford (2006) (Poster Presentation)

The Innervation of Kager’s Fat Pad in Man
H.M. Shaw1, S. Milz2, A. Biiettner3 R.M. Santer1, A.D.H. Watson1, and M. Benjamin1

School o f Biosciences, C ardiff University and 2 AO Research Institute, Davos, Switzerland, ^Institut fur

Rechtsmedizin, Ludwig-Maximilians-Universitat, Munich, Germany.

The enthesis (bony attachment o f a tendon or ligament) is a common site of overuse 

injuries and the primary ‘target organ’ in the spondyloarthropathies. Because 

enthesopathies can be painful, it is often assumed that the enthesis is highly innervated -  

but with little evidence to support the assumption. The Achilles tendon has one of the most 

complex of attachment sites, for together with adjacent tissues, the enthesis itself forms part 

of an ‘enthesis organ’ which reduces stress concentration at the bony interface. These 

adjacent structures include a prominent fat pad which extends into the retrocalcaneal bursa 

during plantarflexion. We have previously demonstrated in both young and aged rats that 

this is the only region of the enthesis organ which is innervated. It is heavily supplied by 

both nociceptive and mechanoreceptive nerve fibres. The purpose of the present study was 

to investigate the innervation of the comparable fat pad (Kager’s fat pad) in man. The fat 

pad was removed from 10 human cadaveric specimens of various ages (11-84 years) 

obtained from the Department of Forensic Medicine at the Ludwig-Maximilians- 

Universitat (Germany), in accordance with the ethical regulations of Munich University. 

The tissue was fixed in 100% ethanol and serial sections were immunolabelled with 

polyclonal antibodies to protein gene product 9.5, substance P, calcitonin gene related 

peptide and neurofilament 200. Antibody binding was detected both with a Vectastain ABC 

'Elite' avidin/biotin kit and for confocal microscopy, with immunofluorescence, using a 

FITC-conjugated goat anti-rabbit Fab fragments as a secondary antibody. Histology 

reference sections were stained with toluidine blue and Masson’s Trichrome. The fat pad 

was richly supplied by nerve fibres which immunolabelled with all the antibodies used. The 

delicate nerve fibres insinuated in a complex manner between adjacent adipocytes in 

association with a rich capillary network. The striking innervation of the fat pad suggests 

that it may be a source of pain in enthesopathies and have a proprioceptive role in 

monitoring movement of the tendon relative to the bone during locomotion.
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Joint summer meeting o f  the A SG B I and Spanish Anatomical Society (SPA) in Madrid
(2006) (Poster Presentation)

The Structure and Innervation of the Muscular Origin of Tibialis Anterior in the Rat
Shaw Santer R.M., Watson A .H.D., and Benjamin M.

School o f Biosciences, Cardiff University, Cardiff, UK.

The term enthesis is usually associated with the bony attachment of a tendon or ligament; 

however, some muscles attach to bone via a small amount of loose connective tissue. Such 

“fleshy” entheses have not been widely studied. This region is of particular interest as this 

may be the site where pain arises in overuse injuries, such as shin splints. The purpose of 

this study is to investigate the structure and innervation of the fleshy attachment of tibialis 

anterior in the rat. The attachment site was removed from 5 male Wistar rats at 12 weeks 

of age, fixed in 4% paraformaldehyde, stored overnight in 10% sucrose buffer and 

cryosectioned. Sections were immunolabelled with antibodies to protein gene product 9.5 

(PGP 9.5), substance P (SP), CGRP and neurofilament 200 (NF200). Antibody binding 

was detected with; Vectastain avidin/biotin kit or FITC-conjugated goat anti-rabbit Fab 

fragments. Reference sections were stained with toluidine blue and Masson’s Trichrome. 

The muscle itself is attached indirectly to the fibrous layer of the periosteum via a small 

amount of loose connective tissue; this in turn attaches to the osteogenic layer of the 

periosteum which subsequently attaches to the underlying bone. In contrast to the aneural 

nature of fibrocartilaginous entheses, “fleshy” entheses are innervated with a large number 

of both nociceptive (SP and CGRP) and mechanoreceptive (NF200) nerve fibres. 

Nociceptive fibres may play a significant role in pain caused by microtrauma and 

pathology associated with this region. In addition, muscle spindle-like structures 

immunoreactive to NF200 close to the enthesis were common. These structures may play 

role similar to Golgi tendon organs in monitoring stretch at myotendinous junctions.
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Summer meeting o f  the A SG B I in Durham (2007) (Poster Presentation, Young Cave 
investigator o f  the year award)

Could the retromalleolar fat pad of the rat Achilles tendon enthesis organ function as 
an immune organ?
Shaw H. M. , Santer R.M., Watson A .H.D., and Benjamin M.

School o f Biosciences, Cardiff Uni versity, Cardiff, UK.

Adipose tissue is a conspicuous, though greatly neglected component of entheses (bony 

attachments of tendons or ligaments) and a number of functions for this fat have been have 

been proposed, including stress dissipation and sensory perception. As adipose tissue 

elsewhere in the body is known to function as an immune organ, we have sought to 

determine whether the retromalleolar fat pad component of the Achilles tendon enthesis 

organ contains monocytes and/or macrophages which may play a similar role at attachment 

sites. The Achilles tendon enthesis organ was removed from male Wistar rats at 1 day, 1 

month, 4 months, and 24 months of age (3 of each age), fixed in 4% paraformaldehyde, 

stored overnight in 10% sucrose buffer and cryosectioned. Sections were immunolabelled 

with the PAN macrophage/monocyte marker - CD68 (EDI), and inflammation marker - 

myeloid related protein (MRP) 14. Antibody binding was detected with a biotinylated 

secondary antibody using a Vector avidin/biotin kit. Labelling was developed with 

NovaRED and the sections were counterstained with Mayer’s haematoxylin. In all animals 

and at all ages, CD68 positive macrophages were present within the retromalleolar fat pad. 

In aged (24month) rats, such macrophages were additionally present within the sesamoid 

and periosteal fibrocartilages and on their bursal surfaces. Blood vessel-associated MRP 14 

labelling was also seen in the fat pads of 24 month rats. This enthesis-associated adipose 

tissue may therefore play a role in protecting the attachment site from infection and/or 

removing cellular debris from the retrocalcaneal bursa. If similar findings can be confirmed 

in human entheses, this may have implications for understanding the seronegative 

spondyloarthropathies - debilitating, rheumatic conditions in which the enthesis is generally 

considered to be the primary ‘target organ’.

-3 1 3 -



Scand J  M ed Sci Sports 2007: 17: 303—315 
Printed in Singapore. A ll rights reserved 
DOl: 10.1l l l j j . 1600-0838.2007.00689.x

Review

Copyright e  2007 The Authors 
Journal compilation © 2007 Blackwell Munksgaard 

S C A N D I N A V I A N  J O U R N A L  O F

M E D I C I N E  & S C I E N C E  
I N  S P O R T S

Structure—function relationships of entheses in relation to mechanical 
load and exercise

H. M. Shaw, M. Benjamin

Cardiff School o f Biosciences, Cardiff University, Cardiff, UK
Corresponding author: M  Benjamin, Cardiff School o f  Biosciences, Cardiff University, Cardiff, UK. Tel: +44 (0)2920875041, 
Fax: +44 (0)2920874116, E-mail: Benjamin@cardiff.ac.uk
Accepted for publication 7 February 2007

Entheses are regions of high-stress concentration that are 
commonly affected by overuse injuries in sport. This review 
summarizes current knowledge of their structure-function 
relationships — at the macroscopic, microscopic and mole
cular levels. Consideration is given to how stress concentra
tion is reduced at fibrocartilaginous entheses by various 
adaptations which ensure that stress is dissipated away from 
the hard-soft tissue interface. The fundamental question of 
how a tendon or ligament is anchored to bone is addressed -  
particularly in relation to the paucity of compact bone at 
fibrocartilaginous entheses. The concept of an “enthesis 
organ” is reviewed — i.e. the idea of a collection of tissues

adjacent to the enthesis itself, which jointly serve a common 
function -  stress dissipation. The archetypal enthesis organ 
is that of the Achilles tendon and the functional importance 
of its subtendinous bursa, with its fibrocartilaginous walls 
and protruding fat pad, is emphasized. The distribution of 
adipose tissue elsewhere at entheses is also explained and 
possible functions of insertion-site fat are evaluated. Finally, 
a brief consideration is given to enthesopathies, with atten
tion drawn to the possibility of degenerative changes affect
ing other regions of an enthesis organ, besides the enthesis 
itself.

What are entheses and why are they important?

An enthesis is the attachm ent o f  a tendon, ligament 
or joint capsule to bone. It is also called an inser
tion site, osteotendinous or osteoligam entous 
junction. Benjamin and M cG onagle (2001) have 
coined the term “enthesis organ” to em phasize the 
point that structures adjacent to the enthesis itself 
also help to reduce stress concentration at the 
attachment site. Stress concentration is a key issue 
at an enthesis, because any insertion site represents 
the meeting point between two materials o f  very 
different physical properties (i.e. a “soft and flexible” 
tendon/ligament and a hard bone). M echanical en
gineers know that such a recipe m akes the region 
vulnerable to failure. Benjamin and M cG onagle 
(2001) have also introduced the term “ functional 
enthesis” to describe the wrap-around regions o f  
tendons or ligaments (TL), where there is a change 
in direction around a bony or fibrous pulley (Vogel & 
Koob, 1989). This highlights the parallels between 
wrap-around regions and “true” entheses. However, 
the current review primarily focuses on the structure 
and function o f  entheses and enthesis organs and the 
reader is referred elsewhere for any further consid
eration o f  functional entheses (Benjamin & Ralphs,

1998; Benjamin & M cGonagle, 2001).We have given 
particular emphasis in the current article to mechan
ical issues that relate to sport and exercise.

Functionally, entheses provide strong and stable 
anchorage that promotes musculo-skeletal move
ment with the necessary, concomitant joint integrity. 
However, they must serve as more than simple 
anchors, for in linking soft to hard tissue, entheses 
also need to minimize the risk o f  damage in the face 
o f  high levels o f  mechanical loading. They do this by 
facilitating the smooth transfer o f force between soft 
and hard tissue. This can occur in either direction, 
and particularly in the context o f sport it is important 
to remember that ground reaction forces can place 
enormous strain on TL entheses. An enthesis is thus 
a key link in any m uscle-tendon-bone or bone- 
ligam ent-bone unit -  and one that may experience 
considerably more stress than the TL itself. Cur
iously, however, Rijkelijkhuizen et al. (2005) have 
claimed that not all o f  the force generated by a 
muscle is transferred to bone via its connecting 
tendon. They argue that force transmission can 
continue even when a tendon is severed, provided 
that the connection between the epimysium and the 
epitendinous tissue is substantial and intact (Rijke
lijkhuizen et al., 2005).
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Despite the stress concentration at entheses, they 
are less likely to fail than other parts o f  the m usculo
skeletal chain, because o f  their ability to  withstand  
high mechanical loads. N onetheless, they are vulner
able to overuse injuries and these present as a 
number o f poorly understood, pathological changes 
that are collectively referred to as enthesopathies. 
Any such injury can have a significant im pact on  the 
ability o f athletes to pursue their sport. Pathologies 
such as the epicondyloses (tennis and little league 
elbow), proximal patellar tendinopathy (jumper’s 
knee), a variety o f  A chilles insertional disorders 
and plantar fasciosis (“ fasciitis” is probably a less 
appropriate synonym ) are well know n to sports 
medicine practitioners.

In the differential diagnosis o f  overuse injuries 
associated with sport and exercise, clinicians m ust 
recognize that entheses are also targeted in the 
seronegative spondyloarthropathies (SpA ) (Benja
min and M cG onagle, 2001). These are a diverse 
collection o f  chronic, autoim m une joint diseases that 
are among the m ost prevalent o f  rheumatic condi
tions. They include ankylosing spondylitis, reactive 
arthritis, psoriatic arthritis, and arthritis associated  
with inflammatory bowel disease. Similarly, Diffuse  
Idiopathic Skeletal H yperostosis (D ISH , formerly 
known as Forestier’s disease Cam m isa et al., (1998)) 
is also characterized by excessive bone deposition at 
entheses that leads to the form ation o f  bony spurs.

Entheses are o f  particular concern to  orthopedic  
surgeons who treat sporting injuries because o f  the 
common need to re-attach TL to bone -  e.g. during 
the reconstruction o f  an anterior cruciate ligam ent. It 
is uniquely challenging to recreate the natural 
smooth transfer o f  load from  TL to bone that typifies 
the healthy, original attachm ent site (Pendegrass 
et al., 2004). A  variety o f  techniques have been  
pioneered surgically that attem pt to  do so , but 
most simply involve stapling the TL to  the bone. 
More recently, however, various m aterials w ith vis
cous properties (e.g. hydroxyapatite) have been 
coated on the attachm ent site o f  the im planted TL  
(Pendegrass et al., 2004).

The reader concerned m ore broadly with the 
influence o f  exercise on the m usculo-skeletal system  
should note that skeletal attachm ent sites have long  
been o f interest to archaeologists in relation to  
physical activity. The focus o f  archaeologists has 
been exclusively on the characteristic m arkings left 
by entheses follow ing skeletal m aceration. The pre
mise is that the appearance o f  dried bones conveys 
useful information about the lifestyle o f  ancient 
populations (Galera & Garralda, 1993). Greater 
physical activity (e.g. between males and fem ales) is 
reflected by different enthesis m arkings. The constant 
stressing o f  a muscle from daily repetitive tasks o f  
various types gives the archaeologist a skeletal record

o f  habitual activity patterns and this has contributed 
to understanding a wide range o f  issues relating to 
ancient populations (social, cultural, labor, the de
velopm ent, and use o f tools, etc. -  Galera and 
Garralda (1993)).

Enthesis structure
Macroscopic structure
A s TL approach bone, they flare out in order to 
increase the surface area o f  the attachment. A  good 
example o f  this is the attachment o f the Achilles 
tendon to the calcaneus or the combined insertion of  
the tendons o f  sartorius, gracilis, and semitendinosus 
onto the tibia. These three tendons constitute the pes 
anserinus (literally “duck’s foot”) because of their 
highly flared appearance. Both the Achilles tendon 
and the pes anserinus are also illustrative o f the 
general principle that neighboring entheses often 
interconnect to form stronger and more stable at
tachments. Indeed, this may be reflected in their 
developm ent -  as with the Achilles tendon and the 
plantar fascia. In the fetus, these two structures are 
continuous over the posteroinferior aspect o f  the 
calcaneus, because both initially attach to the peri
chondrium , rather than to the cartilaginous anlagen 
itself (Snow et al., 1995). With growth, this continu
ity is certainly reduced, but may still be evident in 
adulthood (M ilz et al., 2002) -  although Snow et al. 
(1995) disagree. The direct continuity o f  one enthesis 
with another has also been observed between the 
insertion o f  the quadriceps tendon and origin o f  the 
patellar ligament (Toumi et al., 2006). Fibers from 
the former pass over the anterior surface o f the 
patella (to which they also attach) to become directly 
continuous with the patellar ligament at its proximal 
enthesis. The convergence o f  entheses and the blend
ing o f  attachment sites with adjacent fasciae is an 
adaptation for dissipating stress between one TL and 
another and thus reducing the risk o f local failure. 
There are numerous, largely unnamed, fibrous con
nections between one TL and another in the immedi
ate vicinity o f  their attachment sites. It may also 
account for why patients with enthesopathies can 
com plain o f  pain and tenderness in areas adjacent to 
the principal enthesis involved. Thus, in considering 
cases o f  lateral epicondylosis, the clinician should 
note that the attachment o f the common extensor 
tendon merges imperceptibly with the enthesis o f the 
lateral collateral ligament and that this in turn fuses 
with the annular ligament o f the superior radioulnar 
joint (M ilz et al., 2004).

On the other hand, there is a need to ensure that 
certain tendons attach to bone discretely in order to 
prom ote precise and highly intricate movements. It is 
interesting to consider whether this relates to a
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particular propensity o f  tendons with sm all areas o f  
bony attachment (relative to the size o f  the w hole  
musculo-skeletal unit) for avulsion. A  w hole series o f  
imaginatively named, avulsion fractures have been  
described in the hand and wrist (where TL often  have 
small entheses) -  e.g. m allet finger, coach ’s finger, 
and gamekeeper’s thumb. H ow ever, it should  be 
recognized that load m ay be reduced at a given  
attachment site (thus reducing the risk o f  avulsion) 
by dissipating the action o f  a single m uscle belly over 
more than one tendon -  e.g. as w ith the digital 
tendons. In other regions o f  the body, stress d issipa
tion can be promoted by a single tendon attaching to  
a number o f bones. Thus, fibularis (peroneus) longus 
attaches to both the medial cuneiform  and the first 
metatarsal, and tibialis posterior sends tendinous 
slips to every tarsal bone except the talus.

Microscopic structure 
(Ossification of entheses

Because the pioneering, histological descriptions o f  
entheses were largely published in G erm an, one o f  
the key early classifications distinguished betw een die 
diaphysdren-periostalen Ansatze (“diaphysial—perios
teal attachments”) and die chondralen-apophysaren 
Ansatze (chondral-apophyseal attachm ents) (Bier- 
mann, 1957; Knese & Biermann, 1958). H ow ever, 
these terms only refer to the attachm ents o f  TL to 
long bones and cannot be easily applied to other 
parts of the skeleton. Thus, m ore recently, broader 
terminologies have been devised to encom pass the 
entire musculo-skeletal system. Benjamin and co 
workers (Benjamin & M cG onagle, 2001; Benjam in  
et al., 2002, 2006) have regarded entheses as being  
either fibrous or fibrocartilaginous, depending on the 
character o f  the tissue at the T L -bone interface [Fig. 
l(a)-(c)]. Fibrous entheses are usually present where 
TLs attach to the diaphysis or m etaphysis o f  a long  
bone -  e.g. the tibial attachm ent o f  the m edial 
collateral ligament (M CL) o f  the knee. They equate 
to the diaphysial-periosteal attachm ents o f  Bier
mann (1957) or to the “indirect” insertions o f  W oo  
et al. (1988). The former authors have sub-classified  
such entheses as “areal” or “circum scribed,” w ith the 
distinction relating to the surface area (i.e. the 
footprint) o f  the attachm ent. Areal entheses have 
fibers that flare out over a larger area than circum 
scribed attachments. H em s and T illm ann (2000) 
consider that regarding entheses as either fibrous or 
fibrocartilaginous is an oversim plification and argue 
that fibrous entheses can be sub-classified into  
“bony” or “periosteal” attachm ents to  indicate 
whether the tendon inserts directly into the bone  
[Fig. 1(b)] or indirectly into it via the periosteum  
[Fig. 1(c)]. It should be recognized, how ever, that as

developm ent proceeds, periosteal entheses can be
com e bony ones (G ao et al., 1996).

Fibrocartilaginous entheses (the “direct inser
tions” o f  W oo et al. (1988) or the chondral-apophy
seal attachm ents o f  Knese and Biermann (1958) are 
m ore com m on than fibrous entheses and predomi
nate at the epiphyses and apophyses o f  long bones 
and in the short bones o f the carpus and tarsus 
(Benjamin et al., 1986). The archetypal fibrocartila
ginous attachm ent is exemplified by that o f  the 
Achilles tendon on the calcaneus [Fig. 1(a) and (d)]. 
It should be noted, however, that the structure o f a 
given enthesis can vary greatly from region to region. 
H em s and Tillm ann (2000) emphasized this in their 
study o f  the attachments o f  the masticatory muscles, 
and both Benjamin et al. (1986) and W oo et al. 
(1988) have pointed out that what are termed fibro
cartilaginous entheses are not cartilaginous in all 
regions. Thus, at the Achilles tendon insertion for 
exam ple, the m ost superficial part o f  the attachment 
is purely fibrous (Benjamin et al., 2002). The sig
nificance o f  this in understanding the differential load 
transfer across the footprint o f  an enthesis has yet to 
be thoroughly explored, although it is recognized by 
M aganaris et al. (2004).

A lthough this review focuses on TL entheses, it is 
also im portant to remember that some muscles have 
fleshy attachm ents to bone and thus lack a tendinous 
link to the skeleton -  although usually at one end 
only. Even at such attachment sites, however, muscle 
fibers do not anchor directly to the underlying 
periosteum , but attach to it via a small amount of  
connective tissue associated with the muscle fibers. 
These entheses correspond to the muscular or “fle
shy” attachm ent sites o f  Biermann (1957).

Fibrocartilaginous entheses

D olgo-Saburoff (1929) described a four-layered, 
bony attachm ent o f  the cat patellar ligament in which 
the zones defined were the ligament itself, uncalcified 
fibrocartilage, calcified fibrocartilage, and bone. The 
zonal concept, which is widely credited to have 
originated with this author, remains a cornerstone 
o f  descriptions today, although Benjamin et al. 
(2007) have pointed out that one or more o f the 
zones m ay be locally absent. Cooper and Misol 
(1970) later showed that each o f  the zones has 
different characteristics, but emphasized how the 
zones can blend imperceptively with each other. 
Typically, the tendon or ligament region (i.e. the 
zone furthest away from the bone at an enthesis) is 
characterized by the presence o f  parallel bundles of 
collagen fibers, with rows o f  elongate fibroblasts 
lying between them. Within the zone o f uncalcified 
fibrocartilage, these collagen fibers may become less 
obvious, as their staining properties are masked by

305



Shaw & Benjamin

Fig. 1. Histological structure of entheses and the concept of an enthesis organ, (a) The fibrocartilaginous enthesis of the human 
Achilles tendon. Zones of calcified (CF) and uncalcified (UF) fibrocartilage are readily visible and large rounded fibrocartilage 
cells (FC) are conspicuous in the former. Note that a calcification front (the tidemark -  T) separates hard from soft tissue, but 
that this is subtly different from the tissue boundary between tendon and bone (B). This boundary is marked by an irregular 
cement line (arrows). Scale bar = 100 pm. (b) The purely fibrous enthesis of pronator teres in the adult forearm. The dense 
fibrous connective tissue (DFCT) of the tendon approaches the bone at a very oblique angle and attaches directly to the bone -  
i.e. no periosteum is present. Scale bar = 200 pm. (c) The periosteal fibrous attachment of a horse ligament. Note that the 
ligament attaches indirectly to the bone via the thick periosteum. P, periosteum. Scale bar = 100 pm. (d) Low-power view of the 
enthesis organ associated with the human Achilles tendon. The enthesis organ comprises the enthesis itself (E), sesamoid (SF) 
and periosteal (PF) fibrocartilages, the retrocalcaneal bursa (RB) and the tip of Kager’s fat pad (FP). Note the virtual absence 
of compact bone at the enthesis. ST, superior tuberosity. Scale bar = 3 mm. (e) Higher-power view of the sesamoid and 
periosteal fibrocartilages in a region similar to that enclosed in the rectangle in (d). Note the presence of rounded fibrocartilage 
cells (FC). Scale bar = 100 pm.
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those o f the proteoglycan-rich, extracellular matrix  
(ECM), and the fibroblasts are replaced by fibrocar
tilage cells. These latter cells are m ore rounded and  
lie in lacunae, surrounded by a sm all am ount o f  
amorphous ECM. A gain, they are typically arranged 
in longitudinal rows -  reflecting their m etaplastic  
origin from fibroblasts during developm ent (see 
Benjamin & M cG onagle, 2001 for further details). 
A basketweave arrangement o f  collagen fibers is 
sometimes evident within enthesis fibrocartilage and 
may spread the load o f  the TL over a broader area.

Functional significance of uncalcified enthesis fibro
cartilage. The uncalcified fibrocartilage at an en
thesis promotes a gradual change o f  elastic m odulus 
that encourages the sm ooth transfer o f  load across 
the hard-soft tissue interface (H em s & Tillm ann, 
2000). It allows the gradual bending o f  T L  collagen  
fibers as they approach the bone, in m uch the same 
way that a grommet on an electrical plug controls the 
bending o f  the lead that enters it (Schneider 1956). 
The “bending-control” function is supported by the 
correlation that exists between the quantity o f  un
calcified fibrocartilage at different entheses, and the 
range o f insertional angle change that occurs with  
joint movement -  the greater the angle change, the 
more fibrocartilage is present (Evans et al., 1990; 
Benjamin et al., 1991, 1992; Boszczyk et al., 2003). 
Fibrocartilage may also act as a “ stretching brake” 
for tendons during muscular contraction (K nese & 
Biermann, 1958). In other words, it m ay prevent a 
tendon from narrowing as it elongates. A ny signifi
cant narrowing too close to  a bony interface m ay  
weaken the tendon attachm ent site. In all o f  these 
functions, fibrocartilage should primarily be viewed  
as a tissue geared toward resisting com pression and/ 
or shear (Benjamin & Ralphs, 1998).

Knese and Biermann (1958) highlighted the specia
lized nature o f  fibrocartilage cells and this issue has 
been addressed in much further detail by Benjamin 
and Ralphs (2004). These latter authors have com 
mented on the transitional character o f  fibrocartilage 
and emphasized that the term fibrocartilage embraces 
a wide spectrum o f  tissues with properties intermedi
ate between those o f dense fibrous connective tissue 
and hyaline cartilage. H owever, it is the cartilage-like 
molecules in the ECM that are o f  particular im por
tance in providing a TL with the ability to withstand  
compression (Milz et al., 2005). Such loading is an 
inevitable consequence o f  the changing insertional 
angle o f a TL that accom panies joint m ovem ent. 
More recently, the orientation o f  collagen fibers at 
the insertion site has also attracted attention in 
relation to mechanisms for reducing stress concentra
tion. Thom opoulos et al. (2006) dem onstrated that a 
changing orientation o f  the collagen fibers from  
tendon to the bone results in changes to the predicted

stress concentrations; this may therefore influence the 
cell phenotype and matrix production at the insertion.

Tidemarks. The layers o f  calcified and uncalcified 
fibrocartilage at an enthesis are separated by a 
calcification front [Fig. 1(a)] that is most commonly 
called the tidemark, but which in the older German 
literature was called die Grenzlinie. Occasionally 
(particularly in older people), the tidemark may be 
duplicated (Benjamin et al., 1986). Although a tide
mark separates calcified from uncalcified fibro
cartilage, collagen fibers in the two regions are 
continuous. Few authors have studied the impor
tance o f  the tidemark at entheses, but the presence of 
a com parable boundary within articular cartilage has 
attracted greater attention. Redler et al. (1975) have 
raised the possibility that the tidemark tethers the 
perpendicularly orientated, collagen fibers in articu
lar cartilage to reduce shearing stresses and Havelka 
and H orn (1999) have suggested that it prevents 
blood  vessels from penetrating uncalcified cartilage. 
It is certainly a region o f  mechanical weakness at 
which horizontal clefts can develop both at TL 
entheses (Benjamin et al., 2007) and in articular 
cartilage (Kumar et al., 1991). Furthermore, in both 
tissues, it is the interface at which the soft tissues fall 
away from the hard ones, during the preparation o f  
an anatom ical skeleton (Benjamin et al., 1986). It is 
also pertinent to note that the presence o f  multiple 
tidemarks in articular cartilage has long been asso
ciated with osteoarthritis (Lane & Bullough, 1980) 
and that tendon entheses too can show osteoarthritic- 
like degenerative changes and multiple tidemarks 
(Rufai et al., 1995; Benjamin et al., 2007).

The exact structure o f  a tidemark is difficult to 
define. H avelka and Horn (1999) have described a 
wide spectrum o f  appearances, from fibrillated to 
granular, and pointed out that the tidemark may be 
ill-defined (particularly if  the tissue is pathological), 
m ay vary with age and may change with the degree o f  
loading. Lyons et al. (2005) believe that the tidemark 
in articular cartilage is formed by two juxtaposed 
laminae with differing biochemical characteristics. 
They suggest that it inhibits hydroxyapatite crystal 
form ation and growth after musculo-skeletal matur
ity. In this way, the cartilage is protected from 
progressive mineralization. Clearly, this could also 
apply to the fibrocartilage at entheses and it may help 
to bear this in mind when considering the significance 
o f  multiple tidemarks that can be a feature o f  
degenerative insertional tendinopathies. Curiously, 
Zoeger et al. (2006) have found that tidemarks in 
articular cartilage have a particular propensity for 
accum ulating lead, although the significance o f this is 
unclear. The calcified (fibro)cartilage cells immedi
ately deep to the tidemark have characteristics simi
lar to those in the neighboring uncalcified region and
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their viability has been confirm ed by a num ber o f  
authors, as reviewed in articular cartilage by H avelka  
and Horn (1999).

Subchondral bone plate. A lthough the tidem ark is 
the mechanical boundary o f  an enthesis, it is subtly  
distinct from the tissue boundary -  i.e. the interface 
between TL and bone (H em s & T illm ann, 2000). This 
is represented by a cem ent line [Fig. 1(a)]. In sharp 
contrast to the straightness o f  a norm al tidem ark, the 
cement line is highly convoluted, and the increased  
surface area it creates between TL and bone pro
motes firm anchorage and resistance to shear. A s 
Hems and Tillmann (2000) have explained, the two  
interfaces have conflicting m echanical dem ands and 
thus need to be spatially distinct. The tidem ark has to  
be as straight and sm ooth as possible at a healthy  
enthesis so that m ovem ent o f  soft tissue over hard 
tissue does not result in dam age to the form er. O n the 
other hand, a straight boundary between hard and 
soft tissues does not m ake for the m ost secure 
mechanism o f  attaching a TL to a bone. A nchorage  
is thus better prom oted by increasing the surface area 
of contact between the tw o tissues. H ence, the 
arrangement is that the terminal part o f  the T L  is 
represented by a zone o f  calcified fibrocartilage that 
has an irregular interface (i.e. a cem ent line) w ith the 
underlying bone. The irregularity gives good  resis
tance to shear -  essential because TLs pull on  bone  
from typically oblique angles. W hether or not there is 
significant continuity o f  collagen fibers across the 
cement line (i.e. from TL to bone) at a fibrocartila
ginous enthesis is debatable. The traditional view  is 
that TL attach to bone via “ Sharpey’s fibers” and 
indeed, such fibers are obviously present at certain  
fibrous entheses (Hem s & Tillm ann, 2000). H ow ever, 
Benjamin et al. (2007) point out that com pact bone  
may be virtually absent at even the largest o f  fibro
cartilaginous entheses and that the cortical shell is 
often no more than a continuum  o f  spongy bone  
trabeculae. Thus, there w ould  seem to be insufficient 
cortical bone at the attachm ent site itself [see Fig. 
1(d)], to accom m odate m any/any deeply penetrating  
collagen fibers. It is w orth noting, how ever, that 
Haines and M ohuiddin (1968) suggest that the fibers 
that cross the tidemark between uncalcified and 
calcified fibrocartilage at TL entheses could  be con 
sidered as equivalent to  Sharpey’s fibers, because 
calcified fibrocartilage can be viewed as m etaplastic  
bone. Although such considerations are valid , M ilz  
et al. (2002) suggest that it is the highly interdigitat- 
ing nature o f the calcified fibrocartilage zone o f  the 
inserting TL and underlying bone that is o f  funda
mental importance in prom oting attachm ent.

Why is there so little com pact bone at fibrocarti
laginous entheses? One possibility is that this con
tributes to stress dissipation by allow ing slight

deform ation o f  the bone during loading of the TL 
(Benjamin et al., 2007). In other words, stress dis
sipation is not the sole prerogative o f the soft tissue 
side o f  an enthesis, but continues within the bone 
itself via the trabecular network. In addition, the 
absence o f  com pact bone may be an adaptation to 
prom ote access o f the soft tissue to marrow blood 
vessels, for there are local areas at the enthesis where 
both the subchondral bone and calcified fibrocarti
lage are com pletely missing (Benjamin et al., 2007). 
Such “holes” may also provide access to immuno
com petent cells and stem cells in the underlying bone 
m arrow. Similar defects have been reported in the 
subchondral bone plate that supports articular car
tilage (Shibakawa et al., 2005). It has been suggested 
that these holes could reflect bone resorption and 
rem odeling, and that they may also trigger proteo
glycan degradation in the adjacent articular cartilage 
(Shibakawa et al., 2005). This could occur via the 
osteoclastic expression o f  matrix metalloproteinases. 
A lthough  such a potential for remodeling may be 
construed as beneficial, the formation o f  local defects 
in any subchondral plate (i.e. either that which 
supports articular cartilage or a TL enthesis) might 
equally create an imbalance in stress transduction 
within the overlying (fibro)cartilage. Clearly this 
could prom ote local degeneration (Shibakawa 
et al., 2005). In the light o f  the above considerations, 
it is interesting to note that damage to the subchon
dral bone (i.e. fractures) can lead to lesions in the 
overlying articular cartilage (Lahm et al., 2004). 
Intriguingly, when alendronate (an inhibitor o f  
bone resorption) was given to rats with subchondral 
bone fractures, remodeling o f  the subchondral plate 
was suppressed and the formation o f  cartilage lesions 
was prevented (Hayam i et al., 2004). Whether similar 
findings could apply to the enthesis is unknown.

Molecular composition of enthesis fibrocartilage.
The reader is referred to earlier reviews by Benjamin 
and M cG onagle (2001) and Milz et al. (2005) for a 
com prehensive account o f  the great variety o f differ
ent m olecules that have been found at entheses. 
Clearly, the ECM  molecules in enthesis fibrocartilage 
m ust play an important role in force transfer at 
attachm ent sites, and the type o f  molecule present 
is directly related to the mechanical demands at the 
interface. This is the basic premise developed in the 
extensive m onograph o f  M ilz et al. (2005). They 
em phasize how  the expression o f  the glycosamino- 
glycans (G A G s), chondroitin -  4 and 6 -  sulfate is 
elevated at fibrocartilaginous entheses, reflecting the 
com pressive loading to which the attachment site is 
subject. These G A G s are usually associated with 
aggrecan -  a large, aggregating proteoglycan that is 
a m ajor constituent o f  the ECM in hyaline articular 
cartilage. Aggrecan is a hydrophilic molecule that
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imbibes water and thus allow s a TL to w ithstand  
compression (Y oon & Halper, 2005). It is probably  
the aggrecan content o f  entheses that accounts for 
the ability o f the uncalcified fibrocartilage to dissi
pate collagen fiber bending and prevent TL narrow
ing from occurring too close to the bony interface, 
under load. Other small, leucine-rich, proteoglycans  
such as decorin, fibrom odulin and lum ican have also  
been detected im m unohistochem ically in enthesis 
fibrocartilage. They m ay have an im portant role in 
regulating collagen fibril form ation and thus deter
mining the tensile strength o f  the TL (M ilz et al.,
2005).

The importance o f  cartilage-like m olecules in ten
dons has been highlighted by Corps et al. (2004,
2006). They demonstrate that levels o f  aggrecan and 
biglycan in painful tendinopathy are increased and 
may reflect the change in m echanical loading at the 
site of the lesion, leading to a m ore cartilage-like 
phenotype o f the tissue. Such an increased expression  
of these proteoglycans w ould also be expected to  
occur at entheses, as changes in m echanical loading  
are also experienced here in injured tendons. These  
changes may in turn cause a further alteration in the 
mechanical loading and consequently trigger a vi
cious cycle o f increased pathology (M affulli et al., 
2006).

While type I collagen generally predom inates in the 
midsubstance o f  a TL, and in bone, type II collagen  
(the typical collagen o f  cartilage) is only character
istic o f the fibrocartilage zones (M ilz et a l., 2005). 
Although types III and IV collagen show  no signifi
cant regional variations across the T L -bone unit, the 
expression o f  the latter does vary between the m id
substance o f the TL and the fibrocartilage zones. In 
the TL itself, type IV collagen is found throughout 
the ECM, while in the fibrocartilaginous regions it 
has a more restricted and pericellular distribution. 
This suggests that type IV collagen has different 
matrix-binding functions in these regions (W aggett 
etal., 1998). Type III collagen has the ability to  form  
heterotypic fibrils with types I and V collagen and is 
believed to play a role in controlling fibril diam eter 
(Birk & Mayne, 1997; W aggett et al., 1998). Type X  
collagen has also been identified at entheses (within  
the zone o f calcified fibrocartilage) and is thought to  
be important in controlling calcification (Fujioka et 
al., 1997). Interestingly, K ruzynska-Frejtag et al. 
(2004) have recently dem onstrated the presence o f  a 
cell-adhesion m olecule called “periostin” at the per
iodontal ligament enthesis that m ay also be involved  
in controlling m ineralization. They suggest that high  
levels o f periostin present at h ard -soft tissue inter
faces may prevent ligam ent cells near the soft—hard 
tissue boundary from differentiating into an osteo
genic phenotype. In other words, the m olecule helps 
to maintain the ligament as a non-m ineralized tissue.

It w ould thus be o f  interest to know whether perios
tin is expressed at other entheses and whether a 
reduction in its expression is associated with the 
spread o f  m ineralization into soft tissues. Finally, it 
m ust be acknowledged that we know little about the 
turnover o f  any enthesis ECM molecules, but in the 
rest o f  the TL, it seems that men have elevated levels 
o f  collagen synthesis following exercise compared 
with wom en (Miller et al., 2007). This has been 
related to the greater incidence o f exercise-related 
m usculo-skeletal injuries in women.

Fibrous entheses

Fibrous entheses have attracted far less interest than 
fibrocartilaginous attachments, probably because 
they are less frequently involved in enthesopathies. 
N evertheless, a number o f large and powerful mus
cles (e.g. deltoid, pectoralis major and latissimus 
dorsi; Benjamin et al., 1986) and important ligaments 
(e.g. the knee joint MCL; W oo et al., 1988) have 
fibrous entheses. The footprint o f fibrous entheses is 
generally broad and this helps to dissipate the stress 
over a wide area and minimize stretching.

A s outlined earlier, there are two forms o f  fibrous 
entheses -  those that attach directly to  cortical bone 
and those that attach indirectly to it via the perios
teum  [Fig. 1(b) and (c)]. Following closure o f the 
growth plate, a periosteal fibrous enthesis can be
com e a bony one, although some TL attach to the 
periosteum  throughout life (Hems & Tillmann, 
2000). It is important to recognize that the initial 
periosteal attachm ent o f  a metaphyseal TL to a long 
bone allow s the TL to migrate as the bone lengthens, 
so that the relative position o f  the ligament remains 
unchanged. This is because the periosteum can grow 
interstitially, but the bone itself cannot -  it can only 
grow by appositional means. A  periosteal, fibrous 
enthesis is inevitably weaker than a bony one and this 
is a fact that should be recognized by those con
cerned with coaching young children in sport, for it 
has a bearing on the loading o f  entheses during 
puberty in athletic children.

The enthesis organ concept and its relevance in sports 
medicine
Benjamin and M cG onagle (2001) coined the term 
“enthesis organ” to denote a collection o f structures 
adjacent to the attachment site itself that are func
tionally associated with the enthesis and that also 
play an important part in reducing stress concentra
tion at the soft-hard tissue interface. The concept of 
an enthesis organ explains why patients may present 
with sym ptom s adjacent to an enthesis as well as at 
the enthesis itself.
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The archetypal enthesis organ is that o f  the 
Achilles tendon [Fig. 1(d)], w hich C anoso  (1998) 
described as the “premiere enthesis.” C anoso  was 
aware of the contribution o f  neighboring structures 
to the role o f  the enthesis itself and had m ade 
particularly pertinent observations on the functions 
of Kager’s fat pad that protrudes into the retro- 
calcaneal bursa (C anoso et al., 1988). T he triangular 
tip of this fat pad, the retrocalcaneal bursa itself 
and the fibrocartilages that form  its walls collectively  
constitute the enthesis organ o f  the A chilles tendon, 
together with the enthesis itself [Fig. 1(d)]. T he two 
fibrocartilages in the bursal walls com prise a variably  
thick, periosteal fibrocartilage on the superior tuber
osity o f the calcaneus, and a sesam oid fibrocartilage 
within the deep surface o f  the opposing tendon  
[Fig. 1(e)]. They are an adaptation to resist com pres
sion and/or shear when the foot is dorsiflexed and the 
tendon is brought in contact w ith the tuberosity. The 
fluid-filled bursa facilitates a change in insertional 
angle between the tendon and the bone during foot 
movements. By analogy with synovial jo in ts, the 
presence o f hyaluronan w ithin the bursa m ight be 
expected to reduce the coefficient o f  friction substan
tially and thus prevent the buildup o f  heat. Bursal 
fluid may also be im portant as a source o f  nutrients 
and oxygen for the avascular fibrocartilages.

In understanding the general concept o f  an en
thesis organ, the reader should note that the bone  
immediately adjacent to  the A chilles tendon enthesis 
(i.e. the superior tuberosity) acts as a m ini pulley for 
the tendon and that contact between tendon and 
pulley reduces stress concentration at the enthesis 
itself, albeit, this is at the expense o f  increasing wear 
and tear in the contact zone. The corollary is that the 
surgical removal o f  a prom inent superior calcaneal 
tuberosity in patients with H aglund’s deform ity will 
inevitably increase the stress concentration on the 
enthesis itself. W hen the contact zone betw een ten
don and tuberosity is no longer present (i.e. w hen the 
tuberosity is removed by the surgeon), none o f  the 
tensile loading placed on the A chilles tendon can be 
dissipated as com pressive loading on the bone, ad
jacent to the insertion site. Instead, all o f  the loading  
on the tendon is transferred directly to  the enthesis 
itself. It is thus conceivable that if  the patient is an 
athlete who loads their A chilles tendon heavily dur
ing the course o f  their sport, this m ight produce a 
new set o f problems -  a possibility that m erits further 
consideration. Evidence o f  increased wear and tear in 
the tendon-bone contact zone adjacent to  the 
Achilles tendon enthesis is com m on in the w alls o f  
the retrocalcaneal bursa o f  elderly individuals (Rufai 
et al., 1995).

It should be noted that as dorsiflexion begins and 
the Achilles tendon presses against the tuberosity, the 
insertional angle o f  the tendon is not altered with

further foot movement. Similarly, even the most 
cursory o f  observations on a living foot shows that 
as the foot is plantarflexed, any large change in 
insertional angle is greatly reduced by the controlling 
influence o f  the deep fascia in the lower part o f the 
leg. This acts as an unheralded retinaculum to pre
vent bowstringing o f  the Achilles tendon and should 
probably be added to the list o f structures that form 
part o f  its enthesis organ. Whether it is involved in 
A chilles tendon sheath problems is a question that 
has not been addressed. It is difficult to distinguish 
the two structures in a dissection o f  the terminal part 
o f  the Achilles tendon.

Enthesis organs are found elsewhere in the body 
and m any sites have been listed by Benjamin et al. 
(2004a, b). Because o f  its relevance to the sports 
m edicine practitioner, the attention o f the reader is 
drawn to  the presence o f  an enthesis organ at the 
talar end o f  the anterior talofibular ligament o f the 
ankle jo in t -  a ligament com m only damaged in ankle 
sprains. The contact that occurs between the liga
m ent and the talus in a plantarflexed and inverted 
foot, im m ediately adjacent to the attachment site, is 
associated with the presence o f a sesamoid fibrocar
tilage near the deep surface o f  the ligament (Kumai et 
al., 2002). This is likely to reduce the stress concen
tration at the enthesis itself. Kumai et al. (2002) 
relate the presence o f  this distally located enthesis 
organ in the ligament to the greater tendency o f the 
proxim al enthesis to avulse in ankle sprains. Clearly, 
however, differences in bone density between the 
talar and fibular entheses are also important.

In generalizing from the specific features o f the 
A chilles tendon enthesis organ to concepts that apply 
elsewhere in the body, it is important to recognize 
that TLs often attach to bone near tuberosities or are 
sunken into pits. In either case, the TL enthesis is 
sited below  the level o f  the adjacent bone. The 
presence o f  a tuberosity is exemplified by that at 
the insertion o f  biceps brachii and patellar tendons, 
and the presence o f  a pit by the attachment o f the 
tendon o f  popliteus and by the collateral ligaments of  
the interphalangeal joints. It should be noted that 
wherever a TL sinks into a pit at its attachment, the 
adjacent bone surface can also act as a pulley, 
dissipating stress away from the attachment site 
itself.

Kager’s fat pad is an important part o f  the Achilles 
tendon enthesis organ that is often ignored. It is also 
know n as the retromalleolar or pre-Achilles fat pad 
and it has a number o f  functions. Its tip moves in and 
out o f  the bursal cavity during plantar and dorsi
flexion like a variable plunger (Canoso et al., 1988; 
Theobald et al., 2006). This minimizes pressure 
changes in the bursal cavity and ensures that the 
space is a potential, rather than a real one, at a 
healthy attachment site. The fat pad may also pre
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vent adhesions from developing betw een the tendon  
and the bone. All these observations on  the function  
of this region o f  adipose tissue, together with other  
comments on its significance detailed below , should  
be of interest to surgeons w ho perform any operation  
that disturbs Kager’s triangle.

According to Theobald et al. (2006), K ager’s fat 
pad has three distinct regions: an A chilles-associated  
part (which is enclosed within the paratenon o f  the 
Achilles tendon), the flexor hallucis longus (F H L )- 
associated region (which is partly enveloped by the 
tendon sheath o f  FH L) and a distal bursal w edge or 
tip that protrudes into the bursal cavity. The m ove
ment of the fat pad in and out o f  the bursa is 
promoted both by pushing (contraction o f  F H L ) 
and by pulling (it is sucked into the bursa to prevent 
the volume from increasing during the upward m o
tion of the calcaneus during plantarflexion). In addi
tion, the fat pad cushions the deep surface o f  the 
Achilles tendon offering protection to  the b lood  
vessels that enter it, and prevents the tendon from  
kinking during plantar flexion (T heobald et al.,
2006). It may also have a proprioceptive role in 
monitoring changes in the insertional angle o f  the 
tendon during foot m ovem ent (Benjam in et al., 
2004a, b; Shaw et al., 2005). The latter hypothesis is 
supported by the dem onstration o f  an abundant 
sensory nerve supply within the fat pad (Shaw  et 
al., 2005). Finally, as the fat pad contains peptidergic 
nerve fibers involved in nociception, it m ay be a 
source o f pain in enthesopathies (Shaw et al., 2005). 
This could be mediated either through direct stim u
lation o f nerve endings or by neurogenic inflam m a
tion. It is important to recognize that in the rat at 
least, the fat pad is the only part o f  the norm al 
Achilles tendon enthesis organ that is innervated  
(Shaw et al., 2005). H owever, in hum ans, nerve fibers 
often accompany blood vessels in the vascular inva
sion of entheses that so often occurs in elderly  
individuals (Benjamin et al., 2007).

The presence o f  adipose tissue at other entheses is 
also common. However, its significance is often m is
interpreted and many authors autom atically equate it 
with TL degeneration. A lthough Benjamin et al. 
(2004a, b) agree that fat in TL m ay be pathological, 
they also argue for a variety o f  norm al functions o f  
fat at or near entheses. They have show n that adipose  
tissue is present not only at the insertional angle o f  
many entheses but also in the epitenon and endote- 
non near the attachment site (Benjamin et al., 
2004a, b). The fat is often innervated and m ay have 
a mechanosensory role. E ndotenon fat is particularly 
characteristic o f  certain entheses where the TL flares 
out [e.g. fibularis (peroneus) longus insertion and the 
tibial attachment o f  the ACL]. It may thus contribute 
as a space filler and/or prom ote the independent 
movement o f  fascicles (Benjamin et al., 2004a, b).

Enthesopathies

D espite the adaptations that occur at entheses for 
preventing wear and tear, they are still prone to 
pathological changes. Overuse injuries in particular 
are com m on in athletes and account for a high 
proportion o f  all sports injuries. They are best 
termed “enthesopathies” (a term that embraces 
both tendons and ligaments), but have also been 
called “enthesiopathies,” “insertional tendinopa- 
thies,” or “insertional tendinoses” -  although the 
last tw o can o f  course only be applied to tendons. 
The reader should also note that some authors use a 
more general pathological term, which applies to a 
w hole tendon or ligament, when discussing entheso
pathies. “A chillodynia” for example, covers the 
whole spectrum  o f  Achilles tendon problems com
m only reported in athletes and the term may disguise 
the fact that an author is at least partly considering 
enthesopathies. The term “enthesitis” may be appro
priate for som e enthesopathies (e.g. in patients with 
SpA), but carries with it the implication that an 
attachm ent site is inflamed (the suffix ..itis). The 
reader should note therefore that the current con
sensus view is that m ost overuse injuries at entheses 
are degenerative rather than inflammatory. Where 
inflam m ation does occur, it may be a secondary 
change related to tissue damage and repair. This 
suggestion was m ade by Rufai et al. (1995) in relation 
to retrocalcaneal bursitis. They suggested that the 
synovial inflammation that is characteristic o f the 
bursitis m ay not be a primary event, but a secondary 
change triggered by degeneration (Assuring, fragmen
tation and calcification) o f  the periosteal and sesa
m oid fibrocartilages that line the bursal walls and 
form part o f  the Achilles tendon enthesis organ -  i.e. 
retrocalcaneal bursitis is primarily a problem related 
to fibrocartilage degeneration. This is also a reminder 
that the clinical symptom s o f  an enthesopathy need 
not necessarily affect only the enthesis.

The etio logy o f enthesopathies is often unclear, 
although as with tendinopathies in general, both 
intrinsic and extrinsic factors are involved. The 
former include anatomical variations, malalignment 
problem s, m uscle imbalance, or weakness and flex
ibility issues (W ilder & Sethi, 2004). The latter may 
relate to  changes in training programs (including 
terrain, m ileage coverage, duration, and intensity o f  
training), inappropriate footwear, poor technique, or 
equipm ent (W ilder & Sethi, 2004). Maganaris et al. 
(2004) have made the interesting suggestion that 
som e “overuse” insertional injuries would be better 
regarded as “underuse” injuries. They argue that 
parts o f  entheses may be stress shielded, so that 
when increased loading occurs, that particular region 
o f  the attachm ent site is unable to adapt sufficiently. 
They point out that the stress-shielded area is often
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subject to greater com pressive (rather than tensile) 
loading than the rest o f  the enthesis. Such regions are 
characterized by fibrocartilage (Benjam in & Ralphs, 
1998) -  a tissue that can show  a variety o f  p atholo
gical changes at the certain entheses -  e.g. that o f  the 
Achilles tendon (Rufai et al., 1995). M aganaris et al. 
(2004) suggest that tensile loading at entheses is non- 
uniform and it is the less heavily loaded regions that 
are the most vulnerable. C om m only, these are on the 
joint side o f  an attachm ent site -  e.g. in rotator cuff 
problems, jumper’s knee and A chilles insertional 
disorders. Certainly, so-called “fibrocartilaginous 
entheses” are o f  non-uniform  com position  and are 
purely fibrous in som e parts o f  the enthesis (Benja
min et al., 1986; W oo et al., 1988). This is likely to 
reflect regional differences in tensile loading. It m ust 
be remembered, however, that an increase in com 
pressive loading in w hat is regarded as a “ stress- 
shielded” site o f  an enthesis m ay lead to  degenerative 
changes that parallel those in osteoarthritic articular 
cartilage (Rufai et al., 1995). These m ay contribute to 
the histopathological basis o f  overuse injuries. It 
should also be noted that T oum i et al. (2006) high
light regional differences in trabecular architecture at 
the patellar enthesis o f  the patellar tendon. A s 
W olffs law dictates that m echanical stress governs 
the architecture o f  cancellous bone, T oum i et al. 
(2006) suggest that the m edial part o f  the attachm ent 
site is subject to greater tensile loading than the 
lateral -  it is this region o f  the enthesis that is m ost 
typically associated with jum per’s knee.

Enthesopathies can affect a wide variety o f  differ
ent TLs and am ong the m ost com m on (and relevant 
to sport) are those that affect the A chilles tendon, 
patellar tendon, quadriceps tendon, supraspinatus 
and the com m on extensor and flexor tendons o f  the 
forearm (Khan et al., 1999). In addition, it should  
be noted that Fairclough et al. (2006) have suggested  
that iliotibial band (ITB) syndrom e could be 
viewed as a form o f  enthesopathy. It is a well- 
recognized overuse injury that is com m on in runners 
and cyclists and is characterized by pain and tender
ness over the lateral epicondyle o f  the femur 
when the knee is flexed to 30°. ITB syndrom e is 
traditionally believed to be caused by repetitive 
friction between the band and the lateral epicondyle  
of the femur, when the ITB “ rolls over” the epicon
dyle during knee m ovem ent. H ow ever, Fairclough  
et al. (2006) point out that the ITB cannot m ove in 
an anterior—posterior direction as the knee is flexed, 
because the band is firmly anchored to  the distal part 
of the femur -  i.e. it has an enthesis in the region 
of the lateral femoral epicondyle. They have sug
gested that the antero-posterior “m ovem ent” o f  the 
band is actually an illusion created by a sequential 
shifting o f  tensile load from  anterior to posterior ITB  
fibers, during knee flexion. Their m agnetic resonance

imaging (M R I) data suggest that the tract moves in a 
m edial-lateral direction during knee flexion. This 
creates a change in the insertional angle of the 
femoral enthesis o f  the ITB. They have also demon
strated the presence o f  highly vascularized and in
nervated adipose tissue between the ITB and the 
lateral epicondyle that is the equivalent o f the inser
tional angle fat at many entheses Benjamin et al. 
(2004a, b). Evidently, the fat must be compressed by 
any medial—lateral movement o f  the ITB. Intrigu- 
ingly, there are M RI signal changes in this fat in 
patients w ith ITB syndrome, and Fairclough et al. 
(2006) consider this to be o f  key importance in 
understanding the pain and edema associated with 
ITB syndrome.

Finally, it should be noted that Knobloch et al. 
(2006) have demonstrated a significant increase in the 
microcirculatory blood flow at painful Achilles ten
don entheses. This is in-line with earlier studies which 
have shown that angiogenesis occurs in painful mid
portion tendinopathies (Alfredson et al., 2003; Al- 
fredson & Ohberg, 2005) and has led to the sugges
tion that enthesopathies or tendinopathies could be 
treated with agents that affect neovascular develop
m ent (Ohberg & Alfredson, 2002).

Enthesophytes (bony spurs)
Particular m ention is made o f  bony spurs (entheso
phytes) as they are com m only found in athletes -  
especially at the attachment o f  the Achilles tendon, 
com m on extensor origin and plantar fascia. The 
molecular pathways that lead to their formation 
have not yet been clearly elucidated, although loss 
o f  noggin (an antagonist o f bone morphogenetic 
protein expression) can induce ectopic bone forma
tion in ankylosis (Lories et al., 2006). Some spurs 
m ay exceed 1 cm in length (Maffulli et al., 2004), but 
even large ones may not be symptomatic. However, 
spurs may be associated histologically with evidence 
o f  degenerative change elsewhere at the enthesis 
(Rufai et al., 1995). Enthesophytes in the Achilles 
tendon must be distinguished from what are simply 
areas o f  soft tissue calcification at the enthesis (Rufai 
et al., 1995). The term “enthesophyte” implies speci
fically that ossification has extended from the bone 
into the TL at the attachment site, whereas soft tissue 
calcification merely means the deposition o f  calcium 
salts. It is com m only reported in tendons as calcify
ing tendonitis or tendinopathy and is more typical o f  
males than females at the attachment o f  the Achilles 
tendon (M . Benjamin, unpublished observations). It 
should be understood that calcification accompanies 
ossification, but can occur in its absence -  this is a 
point o f  com m on confusion among those new to the 
field. The distinction between soft tissue calcification 
at an enthesis and bony spur formation can easily be
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made in histological sections, but m ay also be m ade 
radiologically (Rufai et al., 1995).

Perspectives

Overuse injuries at tendon or ligam ent attachm ent 
sites (entheses) are com m on and can seriously jeo 
pardize a subject’s ability to  pursue their sport. 
However, there is often a lack o f  awareness am ong  
sports medicine practitioners about m any fundam en
tal aspects o f the structure-function relationships o f  
insertion sites that are essential for understanding the 
basis o f enthesopathies. In particular, the tendency o f  
one enthesis to interconnect w ith another and the 
concept o f an “enthesis organ” (a collection  o f  
structures adjacent to  entheses, w hich, together  
with the attachment site itself, serve to reduce stress 
concentration at the h ard -soft tissue interface) have 
a number o f  im plications for understanding (a) why

sym ptom s associated with enthesopathies may be 
diffuse and (b) why the surgical removal o f  a struc
ture close to an enthesis e.g. the superior tuberosity 
o f  the calcaneus may alter the mechanics o f the 
enthesis itself. It is argued that a good understanding 
o f  the structural adaptations o f  entheses, and an 
appreciation that one attachment site may be very 
different from another, should be helpful to an 
orthopedic surgeon concerned with the reattachment 
o f  a tendon or ligament to a bone.

Key words: tendons, ligaments, osteotendinous junc
tion, enthesopathy, fibrocartilage, overuse injuries.
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Abstract

This s tu d y  s e t  o u t  t o  d e te r m in e  w h e t h e r  t h e  f a t  p a d  a t  t h e  a t t a c h m e n t  o f  t h e  A chilles te n d o n  h as  f e a tu re s  en a b lin g  
it to  fu n c tio n  a s  a n  im m u n e  o r g a n  a n d  a  m e c h a n o s e n s o ry  d ev ice , a n d  t o  b e  a  so u rc e  o f  p a in  in in se rtio n a l te n d o n  
injuries. S ec tions fo r  h is to lo g y  a n d  im m u  n o h is to c h e m is t ry  w e re  c u t  f ro m  th e  A chilles te n d o n  e n th e s is  o rg a n  o f  1 day  
old, 1 m o n th , 4  m o n th  a n d  2 4  m o n th  o ld  ra ts . F o r f lu o re s c e n c e  a n d  p e ro x id a se  im m u n o h is to ch em is try , c ryosections 
w ere  lab e lled  w ith  p r im a ry  a n t ib o d ie s  d i r e c te d  a g a in s t  PG P9.5, s u b s ta n c e  P, n e u ro f ila m e n t 200, ca lc ito n in  g e n e  
re la te d  p e p t id e ,  C D 68, C D 36, m y e lo id  r e l a t e d  p r o t e in  14, a c t in  a n d  v in c u lin . T h e  f a t  p a d  c o n ta in e d  n o t  o n ly  
ad ipocytes, b u t  a lso  f ib ro u s  t is su e , m a s t  ce lls , m a c r o p h a g e s ,  f ib ro b la s ts  a n d  o ccasio n a l f ib ro c a r t ila g e  cells. It w as 
richly in n e rv a te d  w ith  n e rv e  f ib re s , s o m e  o f  w h ic h  w e r e  likely  t o  b e  n o c ice p tiv e , a n d  o th e r s  m e c h a n o re c e p tiv e  
(m y e lin a ted  f ib re s ,  im m u n o r e a c t iv e  f o r  n e u r o f i l a m e n t  2 0 0 ). T h e  f ib r e s  lay  b e tw e e n  in d iv id u a l f a t  cells a n d  in 
association  w ith  b lo o d  vesse ls . In m a r k e d  c o n tr a s t ,  t h e  e n th e s is  its e lf  a n d  all o th e r  c o m p o n e n ts  o f  t h e  en th e s is  
o rgan  w e re  a n e u ra l  a t  a ll a g e s .  T h e  p re s e n c e  o f  p u ta t iv e  m e c h a n o re c e p tiv e  a n d  n o c icep tiv e  n e rv e  en d in g s  
b e tw e e n  in d iv id u a l f a t  ce lls  s u p p o r ts  t h e  h y p o th e s is  t h a t  t h e  f a t  p a d  h a s  a  p ro p r io c e p tiv e  ro le  m o n ito r in g  c h an g es  
in th e  in se rtio n a l a n g le  o f  t h e  A ch ille s  t e n d o n  a n d  t h a t  i t  m a y  b e  a  so u rc e  o f  p a in  in te n d o n  in ju ries. T he a b u n d a n c e  
o f m a c ro p h a g e s  s u g g e s ts  t h a t  t h e  a d ip o s e  t i s s u e  c o u ld  h a v e  a  ro le  in c o m b a t in g  in fe c tio n  a n d /o r  rem o v in g  d eb ris  
from  th e  re tro c a lc a n e a l b u rs a .
K e y w o rd s  A chilles t e n d o n ;  a d ip o s e  t is su e ; e n th e s e s ;  in n e rv a tio n ; s p o n d y lo a r th ro p a th ie s .

as th e  re tro m a lle o la r f a t  p ad  (Canoso e t  al. 1988) and  it 
fills t h e  tr ia n g u la r  space  (Kager*s tr ian g le ) in th e  posterio r 
reg io n  o f  th e  ankle , b e tw e e n  th e  te n d o n  o f flexor hallucis 
lo n g u s (FHL) an terio rly , th e  Achilles te n d o n  posteriorly 
a n d  th e  su p e rio r b o rd e r  o f  th e  calcaneus inferiorly (Ly & 
B ui-M ansfield, 2004). Even th o u g h  th e  tr ian g le  itself is a 
w ell-k n o w n  radio log ical landm ark , and  radiolucency of 
t h e  re tro c a lc a n e a l recess in MRI im ages is used  to  ru le 
o u t  re tro ca lcan ea l bursitis (Canoso e t  al. 1988), th e  struc
tu r e  a n d  fu n c tio n s  o f  th e  fa t  p ad  have rem ained  largely 
u n s tu d ied . R ecently how ever, T heobald  e t  al. (2006) have 
sh o w n  t h a t  th e  f a t  has th r e e  d is tinc tive  parts , w hich 
th e y  n a m e d  accord ing  to  th e  structu res w ith  w hich each is 
closely associated  -  i.e. a  large superficial Achilles-associated 
reg ion , a d e e p  FHL-associated region, and a calcaneal bursal 
w e d g e  t h a t  p ro tru d e s  in to  th e  re trocalcaneal bursa. These 
a u th o rs  co n firm ed  an d  ex ten d e d  th e  earlie r p ioneering 
w o rk  o f  C anoso  e t  al. (1988) w hich show ed  th a t  th e  bursal 
w e d g e  m oves in to  th e  retrocalcaneal bursa during  p lan tar 
flexion an d  o u t again  during dorsiflexion. Both Theobald e t al. 
(2006) an d  C anoso e t  al. (1988) have su ggested  th a t  these 
m ovem ents minimise pressure changes w ithin th e  bursa th a t 
m igh t o therw ise  occur. Canoso e t  al. (1988) have likened th e  
bursal w e d g e  o f fa t  to  a freely m oveable spacer th a t permits
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Introduction
Adipose tissue  is a  consp icuous, th o u g h  g re a tly  n e g le c te d , 
co m p o n en t o f  e n th e s e s  a n d  e n th e s is  o rg a n s  (B en jam in  
e t al. 2004b). It occurs n o t  on ly  w ith in  th e  e n th e s is  itself, 
but also in th e  a n g le  w h ich  th e  te n d o n / l ig a m e n t  m ak es  
with th e  bone  ('insertional a n g le  faT ; B enjam in e t  al. 2004b). 
Elsewhere in te n d o n s  a n d  lig am en ts , its p re se n c e  is o f te n  
dismissed as a sign o f  d e g e n e ra t io n , b u t  B en jam in  e t  al. 
(2004b) have p ro p o sed  a  n u m b e r  o f  fu n c tio n s  fo r  a d ip o s e  
tissue a t  en th eses. T hese  inc lude  fa c ilita tin g  m o v e m e n t 
b e tw een  te n d o n  fascicles, a n d  b e tw e e n  th e  te n d o n  o r  
lig am en t a n d  b o n e , d is s ip a t in g  s tre s s  c o n c e n t r a t io n  a t  
a ttach m en t sites, a n d  senso ry  p e rc e p tio n . K ag er's  f a t  p ad , 
which lies a t  th e  in se rtio n  o f  t h e  h u m a n  A chilles te n d o n , 
is one  o f th e  largest a n d  m o s t d is tinc tive  reg io n s  o f  ad ip o se  
tissue associated  w ith  an y  en th es is . In m an , it is a lso  k n o w n
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th e  ten d o n  and  b o n e  to  m ove a p a rt, w ith o u t c rea tin g  exces
sive surface ten s io n , an d  h av e  m a d e  th e  im p o r ta n t observa
tion  th a t  its bursal m o v em en ts  a re  com prom ised  in p a tie n ts  
w ith  se ro n eg a tiv e  sp o n d y lo a r th ro p a th y  (SpA). T he f a t  p ad  
m ovem ents a re  th o u g h t  t o  b e  p ro m o te d  by th e  sec re tio n  o f 
hyaluronan-rich  synovial flu id  by th e  fib ro b la s t-lik e  lin ing 
cells o f its covering synovial m e m b ra n e  (C anoso e t  al. 1983).

W e believe t h a t  t h e  b u rsa l w e d g e  o f  f a t  h a s  o th e r  fu n c 
tions th a t  have  y e t t o  b e  p ro p e r ly  in v e s tig a te d . (1) It cou ld  
m on ito r th e  ch an g in g  in se rtio n a l a n g le  w h ich  th e  A chilles 
te n d o n  m akes w ith  th e  ca lc an eu s  as t h e  f o o t  m oves a n d  b e  
a source o f p a in  in in se rtio n a l te n d in o p a th ie s .  (2) As a d i
pose tissue is k n o w n  to  h av e  im m u n o lo g ica l fu n c tio n s  
(Fantuzzi, 2005), K ager's  f a t  p a d  co u ld  h av e  a n  im m uno- 
p ro tective ro le  fo r  t h e  re tro c a lc a n e a l b u rsa  -  rem ov ing  
debris w hich is k n o w n  t o  b e  p ro d u c e d  by w e a r  a n d  te a r  o f 
its lining tissues (Rufai e t  al. 1995). It cou ld  a lso  re p re se n t 
a source o f in f lam m ato ry  cells se e n  in SpA -  c o n d itio n s  
w hich com m only  t a r g e t  th e  A chilles te n d o n .

The p u rp o se  o f  th e  p re s e n t s tu d y  is to  p ro v id e  fu r th e r  
in fo rm ation  o n  th e  s tru c tu re  o f  th e  b u rsa l w e d g e  o f  f a t  
associated w ith  th e  A chilles te n d o n  in o rd e r  to  im prove o u r 
u n d ers tan d in g  o f  t h e  s ign ificance  o f  such  in se rtio n a l a n g le  
fat. There is a com parab le  reg io n  o f  ad ip o se  tissue  associated  
w ith th e  retrocalcaneal bursa o f  th e  ra t (Rufai e t  al. 1996) and  
because o f th e  n eed  to  exam ine  th e  f a t  a t  d if fe re n t develop
m en ta l s tages, w e  h av e  u sed  th is  spec ies fo r  t h e  c u rre n t 
work. O ur findings em phasise  th e  im p o rtan ce  o f  considering 
fa t as a sign ifican t tissu e  a t  e n th e s e s  a n d  an  in te g ra l p a r t  
o f m any 'en th e s is  o rg a n s ' (B enjam in  e t  al. 2004a,b ).

M aterials and  m ethods 

Routine histology

W hite m ale  W istar ra ts  a g e d  4  m o n th s  w e re  o b ta in e d  
from  accred ited  com m ercia l supp liers ; 24  m o n th  o ld  ra ts  
w ere  b red  in h o u se  a t  C ard iff U niversity. T he le f t a n k le  
w as re m o v e d  f ro m  3 ra t s  a t  e a c h  a g e  a n d  f ix e d  in 4%  
p a ra fo rm a d e h y d e  (PFA) in 0.1 M p h o s p h a te  b u f f e r  (PB) 
fo r 3 -5  days, decalc ified  in 5%  n itric  acid , d e h y d ra te d  in 
g ra d e d  a lco h o ls  a n d  e m b e d d e d  in p a ra f f in  w ax . Serial 
sag itta l sec tions w e re  c u t a t  8 pm  th r o u g h o u t  e a c h  b lock 
and  sections s ta ined  w ith  M asson 's trich rom e, haem atoxy lin  
& eosin, van G ieson 's e las tic  sta in , o r  to lu id in e  b lue .

Immunohistochemistry

Rats ag ed  1 day, 1 m o n th , 4  m o n th s  a n d  24  m o n th s  o ld  w ere  
o b ta in ed  as ab o v e , a n d  th e  a n k le  re g io n  d issec ted  an d  
fixed in 4%  PFA fo r  u p  to  4  h. T h ree  an im als  w e re  used  a t  
each ag e  -  o n e  limb p e r anim al. Specim ens w e re  subsequently  
w ashed in 0.1 M PB an d  soaked  in 10% sucrose in PB overn igh t 
a t 4  °C. The tissue w as th e n  fro zen  in S ero tec  c ry o p ro tec tan t 
(RA Lamb M edical Supplies; E astbou rne , UK) o n to  a cryostat

chuck. S ag itta l sections w ere  cu t a t  10 ^m  on  a cryostat 
(OFT5000; Bright Instrum ent Co. Ltd, H untingdon, UK) and 
co lle c te d  o n  H istobond slides (RA Lamb M edical Supplies). 
All labeling  w as carried o u t in a hum idified cham ber a t 
room  te m p e ra tu re  unless o therw ise  sta ted .

Im m unofluorescence
Sections w e re  rehyd ra ted  w ith  0.1 M PB and  incubated  w ith 
20%  sw ine o r g o a t serum  fo r 1 h, prior to  incubation w ith th e  
p rim ary  an tib o d ie s  -  see  Table 1. Following several w ashes 
w ith  PB, th e  sections w e re  incubated  w ith  th e  secondary 
an tibody , sw ine an ti-rab b it FITC (Dako UK, Ely, Cam bridge
shire, UK) o r  g o a t anti-m ouse FITC (Dako UK) (following pre
incubation w ith  1 % norm al ra t serum (Invitrogen, Paisley, UK) 
fo r  1h a t  4  °C) fo r  1 h, w ashed  in PB and  m o u n ted  under 
coverslips using V ectorshield con tain ing  DAPI to  label cell 
nuclei (V ector Labs, P eterbo rough , UK). The te n d o n  com
p o n e n t o f th e  en thesis o rgan  ac ted  as a convenien t internal 
positive con tro l fo r  th e  actin and  vinculin an tibodies (Ralphs 
e t  al. 2002), a n d  th e  b a se  o f  th e  ra t b la d d e r  w as used  as 
a positive con tro l fo r  th e  n eu rona l an tibod ies (Yokokawa 
e t  al. 1985; Y okokaw a e t  al. 1986; W akabayashi e t  al. 1998; 
Khan e t  al. 1999). For negative  controls, rep resen ta tive  sec
tio n s  w e re  t r e a te d  w ith  0.1 M PB, rabb it o r m ouse im m uno- 
g lobu lin s (IgG; Dako UK) in place o f th e  prim ary antibody.

Imm unoperoxidase
Sections w ere  rehydrated  w ith 0.1 M PB and, w here  necessary, 
a n tig e n  re trieva l p ro ced u res  w e re  p e rfo rm ed  (Table 1). 
E n d o g e n o u s  p e ro x id a se  ac tiv ity  w as b locked  w ith  3% 
hy d ro g en  pero x id e  in distilled HzO fo r 10 min. Following 
w ash in g , 20%  g o a t, ho rse  o r sw ine serum  w as applied  to  
t h e  s e c tio n s  fo r  1 h, d e p e n d in g  o n  th e  spec ies in w hich 
th e  secondary  a n tib o d y  w as raised (Table 1). All prim ary 
a n tib o d ie s  (Table 1) w e re  incuba ted  on th e  sections in PB, 
co n ta in in g  0.1 % T w een 20 (Sigma-Aldrich, Gillingham, UK), 
o v e rn ig h t  a t  4  °C. F o llow ing  w ash in g , th e  a p p ro p r ia te  
b io t in y la te d  s e c o n d a ry  a n t ib o d y  w as  a p p lie d  fo r  1 h 
a t  ro o m  te m p e ra tu re  (follow ing pre-incubation  w ith  1 % 
norm al ra t serum  fo r 1 h a t 4 °C) and an avidin-biotin complex 
(V ector Labs) ap p lied  fo r  30 min, fo llow ing a fu r th e r wash 
in PB. Sections w e re  w ashed  y e t aga in  an d  developed 
e ith e r  w ith  NovaRED o r DAB su b s tra te  kits (Vector Labs). 
The g re a te r  o m en tu m  o f 4  m on th  rats w as used as a posi
tiv e  co n tro l fo r CD68, CD36, and  m yeloid re la ted  protein  
14 a n tib o d ie s  (Lagasse & W eissm an, 1992; B iew enga e t  al. 
1995). As above, neg a tiv e  con tro l sections w ere  incubated  
w ith  0.1 M, M ouse lgG1 (Dako, Cambridgeshire, UK), Mouse 
lgG 2a (Dako, C am bridgeshire, UK), o r rabb it IgG (Dako, 
C am bridgesh ire , UK) in place o f th e  prim ary antibody.

Results
T he basic  s t ru c tu re  o f  th e  e n th e s is  o rg a n  assoc ia ted  
w ith  th e  ra t Achilles te n d o n  is similar to  th a t  previously
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T ab le  1 List o f prim ary an tib o d ie s  u sed  a lo n g  w ith  p re tre a tm e n ts ,  d ilu tions a n d  sources. M -  m onoclonal antibody, P -  polyclonal antibody

Antibody M/P
Unmasking
trea tm en t

Dilution/
Concentration Source Reference

Rabbit anti-PGP 9.5 P None 1:400 Ultraclone, Isle of Wight, UK Doran et al. (1983)
Rabbit anti-substance P P None 1:2000 Biomol, Exeter, UK Hoyle et al. (1998)
Rabbit anti-calcitonin gene related P None 1:500 Biomol, Exeter, UK Skofitsch &
peptide (ARP296/1)
Rabbit anti-neurofilament 200 P None 1:2000 Sigma-Aldrich, Poole, UK

Jacobowitz (1985) 
Nakamura et al. (1987)

Mouse anti-hVinl (binds to  vinculin) M None 10 pg/mL Sigma-Aldrich, Poole, UK Goncharova et al. (1992)
Alexa 488- conjugated phalloidin N/A None 1 U/mL Molecular Probes, Chemicon
(for filamentous actin)
Mouse anti-COL-1 (for collagen I) M Hyaluronidase 1:2000

Europe Ltd., Chandlers Ford, UK 
Sigma-Aldrich, Poole, UK Mayne (1988)

Mouse anti-CD68 (macrophage M
30 min a t 37 °C 
None 1:400 AbD Serotec, Oxford, UK Damoiseaux e t al. (1994)

marker for Iysosome^associated 
antigens)
Mouse anti-CD36 (UA009) M None 1:10 Hycult biotechnology, Uden, NL
(leucocyte marker)
Mouse anti-S100A9 (1C10) -  for M None 1:200 Abnova, Stratech Scientific Ltd.,
myeloid-related protein 14 
Rabbit IgG Normal Fraction. N/A None 5 pg/mL

Newmarket, UK
Dako, Ely Cambridgeshire, UK

Negative control
Mouse lgG1 Negative control N/A None 5 pg/mL Dako, Ely, Cambridgeshire, UK
Mouse lgG2a Negative control N/A None 5 pg/mL Dako, Ely Cambridgeshire, UK

described in m an  (B enjam in  & M cG onag le , 2001). Briefly, 
th e  te n d o n  a t t a c h m e n t  is a s s o c ia te d  w ith  3 d i f f e r e n t  
f ib ro c a r tila g e s  -  a n  e n th e s is  fib ro ca rtila g e  (EF) a t  t h e  
ten d o n -b o n e  junction , a sesam oid fibrocartilage w ith in  th e  
d eep  surface o f  th e  te n d o n ,  a n d  a n  o p p o s in g  periostea l 
fibrocartilage covering  th e  ca lcan eu s  (Fig. la ) .  F u rth e r 
regions o f  f ib ro ca rtilag e  w e re  a lso  o b se rv ed  b o th  n e a r  th e  
superficial su rface  o f  t h e  A chilles te n d o n  a n d  in t h e  o p p o s 
ing te n d o n  o f  p lan ta ris  (Fig. 1a -  inset). T he sesam o id  a n d  
periosteal fib rocartilages fo rm  th e  w alls o f  th e  re trocalcaneal 
bursa in to  w hich p ro tru d e s  th e  t ip  o f  th e  synov ia l-covered  
w ed g e  o f ad ip o se  tissu e  (Fig. 1b) t h a t  is t h e  fo cu s  o f  th e  
cu rren t study . T h ere  w e re  n o  m a rk e d  d if fe re n c e s  b e tw e e n  
th e  f a t  p ad  o f  t h e  sexually  m a tu re  (4 m o n th s) a n d  a g e d  
(24 m onths) ra ts, o th e r  th a n  a  te n d e n c y  fo r  t h e  t ip  o f  th e  
f a t  pad  to  b eco m e  m o re  fib ro u s  w ith  a g e  (Fig. 1c).

Cellular composition

T he f a t  p a d  w a s  c o m p o s e d  o f  u n ilo c u la r  a d ip o c y te s ,  
s e p a ra te d  by sm all b u n d le s  o f  e la s tic  f ib re s  a n d  ty p e  I 
co llagen fib res (Fig. Id ) . T he f a t  p a d  w as  a n c h o re d  to  th e  
w alls o f  th e  bu rsa  by f ib ro u s  s tran d s . Sm all n o d u le s  o f  
fib rocartilage  w e re  occasionally  se e n  n e a r  th e  t ip  o f  th e  
f a t  pad  a n d  in o n e  4  m o n th  ra t, th e  cen tra l co re  o f  th is  
fib rocartilage  c o n ta in e d  b o n e  (Fig. 1e).

M ast cells w e re  read ily  id e n tif ia b le  in t h e  f a t  p a d  by th e  
m etachrom asia  o f  th e i r  g ra n u le s  in to lu id in e  b lu e  s ta in e d  
sec tions, a n d  so m e  lay c lo se  t o  b lo o d  vesse ls, n e rv e s  o r  
th e  synovial m e m b ra n e  (Fig. 1f). Im m u n o la b e lin g  fo r

ac tin  w ith  a lexa488-con jugated  phallo id in  dem o n s tra ted  
th e  p resen ce  o f  f ilam en to u s  actin  w ith in  th e  cytoplasm  of 
ad ip o cy tes  an d  re s id en t fib rob lasts (Fig. 2a). In addition , 
speck led  labelling  fo r  vinculin w as seen  b o th  in adipocytes 
a n d  in th e  occasional fib rob lasts p resen t b e tw een  th e  fa t 
cells (Fig. 2b).

In ra ts  o f  all ag e s , CD68 positiv e  m a c ro p h a g e s  w e re  
iden tifiab le  w ith in  th e  f a t  pad (Fig. 3a), th o u g h  th e  num ber 
v a r ie d  g re a t ly  b e tw e e n  an im a ls . Such cells w e re  rare ly  
se e n  w ith in  th e  synovial m em b ran e  o f th e  n eo n a ta l rat, 
b u t  th e  n u m b er increased  w ith  a g e  (Fig. 3b). M any o f th e  
CD68 m a c ro p h a g e s  w e re  closely a sso c ia ted  w ith  b lood  
vessels a n d  th e  connective  tissue  o f la rge  nerve bundles 
(Fig. 3c). N e o n a te s  h a d  a  p a rticu la rly  la rg e  n u m b er of 
positive cells in re la tio n  to  th e  size o f th e  develop ing  fa t 
p a d  (Fig. 3d). In 24 m o n th  old rats, positive cells w ere 
p re s e n t n o t only in th e  f a t  pad , b u t also on th e  surface of 
th e  sesam oid  an d  periostea l fib rocartilages in th e  re tro 
ca lcaneal bursa (Fig. 3e). In con trast, th e re  w ere  very few  
positive  cells labeling  a t  any a g e  w ith  CD36 (n o t shown). 
M yeloid re la te d  p ro te in  14 (MRP14) expression w as m ost 
com m only  d e te c te d  in cells ad jacen t to  b lood vessels and 
in th e i r  en d o th e liu m  — particularly  in 24 m onth  old rats 

(Fig. 3f).

In n e rv a tio n

Im m u n o h is to c h e m ic a l la b e lin g  o f  r a t  tis su e  w ith  th e  
g e n e ra l n erv e  m arker -  PGP 9.5 -  show ed  th a t  th e  fa t  pad 
w as  t h e  o n ly  c o m p o n e n t o f th e  en th es is  o rg an  w hich

O 2007 The Authors , .  .  .
Journal compilation © 2007 Anatomical Society of Great Britain and Ireland



4 Adipose tissue at entheses, H. M. Shaw e t al.

--------------

Fig. 1 (a) The Achilles enthesis organ in a 4  month 
o ld rat show ing th e  enthesis (EF), sesam oid (SF) 
an d  periosteal fibrocartilages (PF). SF and PF form 
th e  walls of the  retrocalcaneal bursa (B) into which 
th e  fa t pad  protrudes m ore proximally. M asson's 
trich rom e. Scale b a r =  200  pm . Inset: opposing 
regions of the  Achilles (AT) and plantaris (P) tendons. 
The surface of bo th  is fibrocartilaginous (arrows). 
M asson 's trichrom e. Scale bar = 100 pm . (b)The 
synovial-covered tip (S) o f the  fa t pad (FP) protrudes 
in to  th e  retrocalcaneal bursa. The enthesis itself 
is located beyond th e  top  left corner of th e  figure. 
4  m on th  rat. M asson 's trichrom e. Scale bar =
100 p m . (c) The tip of th e  fa t pad (arrow) becom es 
m ore  fibrous in th e  2 4  m on th  old rat. M asson's 
trichrom e. Scale bar = 100 pm . (d -  top) Fibrous 
strands (arrows) run betw een groups of adipocytes 
w ith in  th e  fa t pad . 4  m on th  old rat. M asson's 
trichrom e. Scale =  2 0 0  pm . (d -  middle) Fibrous 
strands  w ithin th e  fa t pad  im m unolabelled for 
ty p e  I co llagen (arrows). 4  m on th  old rat. Scale 
b a r = 100 pm . (d -  bottom ) Elastic fibres (arrows) 
in th e  fa t pad within th e  fibrous strands. 4  m onth 
o ld  rat. Van G ieson 's  elastic  stain . Scale bar = 
5 0  pm . (e) A bony nodule (arrow) w ithin th e  tip 
o f  th e  f a t  pad  o f a  4  m on th  old rat, surrounded 
by a  region  o f fibrocartilage (FC) and  prom inent 
b lood vessels n e ar th e  tip  o f th e  pad  (arrow  
heads) M asson 's trichrom e. Scale ba r = 100 pm. 
(f) M ast cells (arrows) p resen t w ithin th e  fa t pad 
in close association w ith  th e  synovial lining (S). 
Toluidine blue. Scale bar = 10 pm .

3

Fig. 2 (a) A dipocytes w ithin th e  fa t pad 
im m unolabelled  w ith  alexa488-conjugated  
phalloidin. The array o f actin filam ents is 
a ssoc iated  w ith  th e  peripheral cytoplasm 
(arrow). N ote th a t  th e  region containing the  
central lipid d rop le t (ID) in each  fa t cell is black. 
Scale b a r  = 20  pm . (b) Vinculin labeling in the  
adipocyte cytoplasm (arrow). Scale bar = 20  pm. 
In all cases, th e  nuclei have been  counterstained 
b lue w ith  DAPI and  th e  illustrations are from 
4  m on th  old rats.

w as innerva ted  a t  all ag e s  (Fig. 4 a -d ) . Thus, n o  n e rv e  fib res  
(sensory, m o to r o r  au to n o m ic ) w e re  p re s e n t in an y  o f  th e  
fib rocartilages a sso c ia ted  w ith  th e  Achilles te n d o n  in any  
anim al (Fig. 4 f-h ). N e ith e r w as th e  ace llu la r bu rsa l lining 
o f th e  sesam oid and  periostea l fib rocartilages positive fo r 
PGP 9.5. Blood vessel-associated nerve fib res w ere , how ever, 
p resen t in th e  p a ra te n o n . Som e o f  th e s e  n erves lab e led  
w ith  an tib o d ies  a g a in s t su b s ta n c e  P a n d  CGRP (ind ica ting  
th a t  th ey  w ere  nocicep tive), o th e r s  lab e led  w ith  a n tib o d y  
n eu ro filam en t 200 (su g g estin g  m ech a n o cep to rs ; Fig 4e). 
No nerve fib res w e re  p re s e n t in th e  reg io n  w h e re  th e  
Achilles te n d o n  w as in c o n ta c t w ith  p lan ta ris .

The nerve fib res /b u n d les  w ith in  th e  f a t  p ad  w e re  m ore  
com m on  in th e  p ro x im a l re g io n  th a n  a t  t h e  t ip .  T hey

s typically lay b e tw een  ad jacen t fa t cells (Fig. 5), th o u g h  some
; w e re  p re sen t w ith in  and  b e n e a th  th e  synovial m em brane
f  and  w here  th e  synovium w as reflected on to  th e  tendon  or the
j p e rio s te u m . All f ib re s  w ith in  th e  f a t  p ad  w e re  im m uno-
r reactive  to  PGP 9.5 (Fig. 4a). M any (bu t n o t all) o f th e  nerve

fib res  innervating  th e  fa t pad  (bo th  blood-vessel associ- 
J a te d  an d  'f re e ')  co n ta in ed  200 kD neuro filam en ts (Fig. 4c).
j A q u a lita tiv e  eva lua tion  suggested  th a t  th e  num ber of
f  fib res im m unoreactive  to  PGP 9.5 and  neuro filam en t 200

increased  w ith  a g e  up to  4  m onths, b u t th a t  th e  num ber 
» o f positive fib res w as less in 24 m onth  old anim als. Vessel-

associa ted  an d  'f re e ' nerve fib res im m unoreactive to  CGRP 
; (Fig. 4d) a n d  substance  P (Fig. 4b) w ere  also p resen t in th e
i  f a t  p a d  a t  all ages stud ied  and  labeling here  also increased
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Fig. 3 The cell co m position  o f  th e  f a t  p ad  
(a) CD68 positive cells (arrow s) w ith in  th e  fa t  
pad  o f a 4  m o n th  old ra t. Scale b a r  =  2 0  p m  (b) 
The a b u n d an c e  o f  C D 68 positive cells (arrow s) 
in th e  synovial lining o f  th e  f a t  p a d  in a  4  m o n th  
old rat, co n trasts  w ith  th e  ra re  fin d in g  o f th e s e  
cells in th e  synovium  of n e o n a te s  (n o t show n). 
B -  Bursa. Scale bar =  2 0  p m . (c) C D 68 positive 
cells (arrows) asso c ia ted  w ith  a  b u n d le  o f 
nerves (N) in th e  fa t p ad . 4  m o n th  o ld  ra t. 
Scale bar =  20  pm  (d) The p resu m p tiv e  fa t  
pad  in th e  n e o n a te . N ote  th e  la rg e  p o p u la tio n  
o f CD68 positive cells (arrow s) th a t  a re  p re s e n t 
before  p ro n o u n ced  d iffe ren tia tio n  o f th e  
adipocytes them selves. Scale b a r = 2 0  pm .
(e) CD68 positive cells (arrow ) o n  th e  su rfa ce  
o f th e  sesam oid  fib roca rtilage  (SF) in a 4  m o n th  
old rat. PF -  Periosteal fibrocartilage. (f) Labelling 
for m yeloid-related p ro te in  14 th a t  is a sso c ia ted  
w ith blood vessels (BV), is particularly  p ro m in en t 
in 24  m on th  old rats. Scale b a r = 2 0  p m . All 
sections have b een  co u n te rs ta in e d  w ith  M ayer's  
haem atoxylin.
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Fig. 4 The innervation  o f th e  f a t  p a d  (a -d ). 
Nerve fibres are arrow ed th a t  a re  im m unoreactive 
to  (a) PGP 9 .5  -  in a la rge  b u n d le  o f  nerve fib res 
w ithin th e  fa t. FC -  fa t  cells. Scale b a r  = 3 0  pm
(b) S ubstance P -  in a  n ak ed  nerve  fib re  ru n n in g  
be tw een  ad jacen t fa t cells. Scale b a r  =  2 0  p m
(c) N eurofilam ent 2 0 0  in a  m ed ium -sized  b u n d le  
o f nerve fibres in th e  fa t. Scale b a r  = 3 0  p m  (d) 
CGRP -  in close assoc iation  w ith  a  la rge  b lo o d  
vessel (BV). Scale ba r =  20  p m  (e) N erve fib res in 
th e  ep iten o n  labelled w ith  n e u ro filam en t 2 0 0 . 
AT -  Achilles te n d o n . Scale b a r =  3 0  p m . In 
con trast to  th e  fa t pad . th e  en th esis  (f), periosteal 
(g) and  sesam oid  (h) fib ro ca rtilag es  (EF, PF, a n d  
SF respectively) are  all devo id  o f nerve  fib res  a n d  
th u s  all fail to  label w ith  th e  p a n  n e u ro filam en t 
m arker PGP 9 .5 . In th e  a b se n c e  o f  any  n eu ro n a l 
labelling in f-h , th e  cell n u d e i a re  coun tersta ined  
blue w ith DAPI to  sh o w  th e  tissu e  itself.
B, bursa; BN. bo n e . Scale b a rs  fo r  f - h  = 50  p m . 
All sections w e re  from  4  m o n th  o ld  rats.
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FC /
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Fig. 5 A CGRP-positive fibre (arrow ) ru n n in g  b e tw e e n  a d ja c e n t f a t  cells 
(FC) in a 4  m on th  old ra t. Scale b a r  = 3 0  p m . C o u n te rs ta in e d  w ith  
Mayer's haem atoxylin.

with development up to  4 months o f age. However, pep
tidergic fibres (i.e. substance P or CGRP-containing fibres) 
did not become less abundant in aged rats. In all animals, 
NF200 nerve fibres were more abundant w ith in  th e  fa t pad 
than those immunoreactive to  e ither substance P or CGRP.

Discussion
Previous studies have h ig h lig h te d  th e  b iom echanical 
importance of Kager's fa t pad and particularly its calcaneal 
bursal wedge (Canoso et al. 1988; Theobald e t al. 2006). 
The bursal w edge fails to  m ove in to  th e  re troca lcaneal 
bursa in patients w ith  SpA (Canoso e t al. 1988). O ur present 
results point to fu rther structural features o f th e  fa t pad, 
which not only reflect its mechanical role but also support the  
hypothesis that it has additional functions. The co-localisation 
of actin filaments and vinculin in its adipocytes indicates 
the presence of focal contacts, which mechanically link 
actin microfilaments in the cell cytoplasm to  the extracellular 
matrix via the transmembrane linkers -  integrins. As focal 
contacts are known to  be im p o rtan t in mechanosensi- 
tive cell signaling (Bershadsky et al. 2003; D 'Addario e t al. 
2003), they are likely to  link the fibrous components o f the  
fat pad to the adipocytes, thus integrating the fibro-adipose 
nature of the tissue. The occasional signs o f fibrocartilage  
differentiation suggest th a t th e  fa t is subject to  some 
degree of compression and th e  fibrous strands point to  a 
degree of resilience th a t  it must have against tensile  
loading. Hence, like th e  fa t  pad in th e  h ee l, Kager's  
pad could act as a shock absorber (Jahss et al. 1992). W e  
conclude th a t it is lik e ly  th a t  th e  f a t  c o n trib u te s  to  
dissipating stress away from  th e  tendon-bone interface, 
like other depots o f 'insertional angle fa t ' (Benjamin e t al. 
2004b). It is thus tru ly  an in te g ra l p a rt o f th e  Achilles 
tendon enthesis organ (Benjamin et al. 2004a).

Our study shows th at th e  normal Achilles enthesis is not 
innervated. Despite an exhaustive search fo r nerve fibres 
in rats of all ages, none was fo u n d  w ith in  th e  enthesis, 
sesamoid or periosteal fibrocartilages. This was paralleled

by an absence of blood vessels in these tissues and recalls 
the avascular and aneural nature of articular cartilage. The 
lack o f nerve fibres is likely to  reflect the relatively high 
levels o f compression to which the fibrocartilages are subject, 
although th e  factors responsible for this are unknown. 
However, aggrecan may be important in accounting for 
the absence of nerves, as one of its major glycosaminoglycans 
(chondroitin sulphate) is known to act as an axonal growth 
inhibitor in the central nervous system (Johnson et al. 
2002) and it is present in enthesis organ fibrocartilages 
(W aggett e t al. 1998; Milz et al. 2005). It is a key molecule 
associated w ith  compression-tolerance (M ilz et al. 2005) 
and it also inhibits endothelial cell adhesion and migration 
(Johnson e t al. 2005). Hence, vessel and nerve ingrowth  
reported  previously in th e  entheses of elderly human 
Achilles tendons (Benjamin et al. 2007) may follow degener
ative changes in th e  fibrocartilage, which are common 
in older people (Rufai et al. 1995). However, this does not 
explain why nerve fibres were also absent at birth, before 
the fibrocartilage had started to differentiate (Rufai et al. 
1992).

In contrast to  th e  aneural nature of enthesis organ 
fibrocartilages, th e  fa t pad contains a large number of 
nerve fibres, including putative mechanoreceptors and 
nociceptors. The form er could be important in monitoring 
m ovem ents of th e  fa t pad during p lantar and dorsi- 
flexion. Because o f the intim ate association between fat 
cells and th e ir nerve fibres, the slightest deformation of 
the adipose tissue accompanying foot movements could 
trigger action potentials in the proprioceptive fibres. Equally, 
nociceptive fibres could be stimulated by any abnormal 
loading of th e  tissue. This could occur for example when 
fluid accumulates in patients w ith retrocalcaneal bursitis 
and the fa t pad is thus subject to  abnormal compression 
(Canoso, 1998). It is interesting to  note that Hoffa's fa t pad 
also contains nociceptive fibres and that an increased 
number occurs in 'jumper's knee' (Witonski & Wagrowska- 
D anie lew icz, 1999). The num ber o f mechanoreceptive 
fibres within the Achilles fat pad varies with age -  increasing 
during grow th up to  sexual maturity, and then decreasing 
w ith  old age. However, an age-related decrease in pepti
dergic fibres was not obvious and this is in accordance with 
the findings of Bergman et al. (1999) that mechanoreceptors 
are p re fe re n tia lly  affected by age in comparison to  
nociceptive/peptidergic fibres. Finally, the presence of mast 
cells within the fat pad suggests the possibility of neurogenic 
in flam m atio n  in association w ith  Achilles-related pain 
(M cQ ueen, 1999). Peptidergic fibres may also play a 
vasodilatory role, affecting the blood vessels with which 
they are so closely associated. This can lead to tissue oedema 
and in flam m atio n  under conditions of tissue damage 
causing pain (McQueen, 1999).

CD68 labeling demonstrated the presence of a striking 
num ber o f macrophages. These cells may be compared 
to  macrophages demonstrated previously in the greater
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o m en tu m . This to o  is a f a t ty  synovial fo ld  a n d  o n e  w hich  
provides a ro u te  fo r  m a c ro p h a g e s  t o  e n te r  th e  p e r ito n e a l 
cavity  (K rist e t  a l. 1995). If m a c r o p h a g e s  c a n  p a ss  f ro m  
K ager's p ad  in to  t h e  re tro c a lc a n e a l b u rsa , th e y  co u ld  p lay  
a ro le  in c o m b a tin g  in fec tio n  a n d /o r  rem o v in g  cell debris . 
M acro p h ag es  t h a t  w e  id e n t if ie d  o n  t h e  su r fa c e  o f  t h e  
bursal w all f ib ro c a rtila g e s  m ay  a lso  b e  im p o r ta n t. In m an , 
w e  have previously  d e m o n s tra te d  t h a t  d e b ris  is g e n e ra te d  
as a re su lt o f w e a r  a n d  t e a r  o f  t h e  lin in g  p e r io s te a l  a n d  
sesam oid fib ro ca rtilag e s  (Rufai e t  al. 1995). Fat a t  e n th e s e s  
could also b e  a  so u rce  o f  t h e  m a c ro p h a g e s  p re s e n t in 
p a tien ts  w ith  SpA (M cG onag le  e t  al. 2002). It is in te re s tin g  
to  n o te  th a t  a lo n g  w ith  th e  A chilles te n d o n , o th e r  e n th e se s  
com m only a ffe c te d  in SpA a re  a lso  a sso c ia te d  w ith  sign i
fican t q u a n titie s  o f  f a t  a t  th e i r  e n th e s e s  -  e .g . th e  prox im al 
a n d  d is ta l a t ta c h m e n ts  o f  t h e  p a te l la r  t e n d o n  a n d  th e  
calcaneal en th es is  o f  th e  p la n ta r  ap o n eu ro s is . Fat m ay  th u s  
be  an  im p o rta n t im m u n e  o rg a n  a t  h e a lth y  a tta c h m e n t  
sites, b u t a lso  o n e  t h a t  m ay  b e  im p lica ted  in a u to im m u n e  
o r a u to in flam m ato ry  co n d itio n s .

In conclusion, o u r  s tu d y  p re s e n ts  n e w  d a ta  re la tin g  to  
th e  innervation  an d  cellu lar com position  o f f a t  a t  th e  a tta c h 
m en t o f th e  Achilles te n d o n , w h ich  h ig h lig h ts  th e  possibility 
o f several novel fu n c tio n s  o f  th e  f a t  p ad . O u r f in d in g s  re in 
force th e  im portance  o f  considering  f a t  w h en  try ing  to  m ake 
sense o f  insertional d iso rders  a ffec tin g  th e  A chilles te n d o n .
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