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ABSTRACT

It is currently believed that tendons heal by a combination of extrinsic and intrinsic 

mechanisms. The contribution of each is thought to vary with site and type of the 

injury. The tendon is known to partly derive its nutritional requirements from a 

complicated vascular supply. A novel technique was developed for mapping the 

intricate vascular networks within the rabbit tendon model. Immunohistochemical 

localisation of endothelial tissue has allowed us to quantify the reduction in tendon 

blood supply with its passage through the digital sheath. It has highlighted intra

species variability between different anatomical sites. Healing within these relatively 

avascular zones is notoriously poor and the contribution of tendon surface fibroblasts 

in this process is still debated. A vital dye was employed to examine the distribution 

of surface fibroblasts up to seven days post injury of an in vitro and in vivo tendon 

model. In the latter experiment, the surface fibroblasts readily took up the vital dye at 

day 0. By day 1, dyed cells had moved into the cut. By day 3, they had migrated 

laterally into the core substance of the tendon. Core dyed cell counts at days 1 , 3 , 5  

and 7 were significantly different compared with day 0 dye cell core counts (p < 

0.05). It was concluded that this pathway is important in the early stages of tendon 

healing and indeed may be central to both the intrinsic and extrinsic classical 

theories. The encompassing phrase of transtrinsic healing was therefore put forward 

for the migration pathway observed.

In an attempt to improve outcome of tendon repair by substance application at the 

time of tenorraphy, the role of an autologuous fibrin sealant in post surgical adhesion 

formation was examined. It was found in the rabbit model that Vivostat® resulted in 

significant reduction in postoperative adhesion formation as measured by tensiometer 

and histological analysis (both p < 0.05).

These findings suggest that the ideal tendon repair in the future could involve the 

delivery of pertinent cells to the required site of healing, possibly seeded on a 

collagen construct. After securing the repair around this scaffold, substances such as 

Vivostat® could act as a barrier to prevent the build-up of detrimental adhesions. 

This may prove to be especially important in areas of reduced tendon vascularity.
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AIMS AND HYPOTHESES EXPLORED IN THIS THESIS

The ultimate clinical aim of the research performed has been to improve the post

operative results of emergency and elective flexor tendon surgery. In order to do this 

we have pursued an avenue of tendon research, which took us from anatomical 

studies into flexor tendons to the early cellular response of tendon healing. We finally 

looked at one particular method of post-surgical adhesion reduction in an animal 

model with the view to taking it to human clinical trials in emergency primary tendon 

repair. Our individual aims were therefore:

• To provide a detailed anatomical and morphological account of the animal models 

used for this thesis (Chapter 3).

• To provide a quantitative assessment of the blood supply to flexor tendons in the 

rabbit model (Chapter 4).

• To evaluate the important cells involved in the initial stages of the repair process 

in the in vitro (Chapter 5) and in vivo setting (Chapter 6).

• To evaluate the contribution of intra-operative Fibrin Sealant application 

(Vivostsat®) in the reduction of post-operative adhesion formation (Chapter 7).

To achieve these aims we proposed to test the following hypotheses:

• Truly avascular zones within tendons do not exist, they are a product of the 

perfusion technique (Chapter 4).

• Evidence of tendon healing can be seen in vitro within 7 days of injury (Chapter 

5).

• In vivo surface derived fibroblasts migrate into a tendon wound and subsequently 

into the substance of the tendon (Chapter 6).

• Vivostat®, a fibrin sealant reduces post surgical adhesion development following 

tendon repair (Chapter 7).
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Chapter 1

1.1 Introduction

Tendons are cord-like connective tissue structures that arise from muscle and insert 

into bone. Upon muscular contraction the tendon exerts a pull on the bone in the line 

of the muscle, and as tendons usually bridge a joint, this results in movement about 

this point.

Hand tendon injury can result directly from trauma or indirectly via chronic disease 

such as Rheumatoid Arthritis. Both have the devastating consequence of disrupting 

the function of the hand. Without the finger dexterity once taken for granted at best, 

even the simplest of tasks become a chore; at worst, loss of livelihood may result. 

The only chance of restoring function is surgical repair. If the tendon is cleanly 

severed, direct suture is often possible. With more extensive trauma, tendon integrity 

may only be achieved, with the use of a graft. This involves harvesting a suitable 

donor tendon and using it to bridge the zone of injury. Improvements in surgical 

technique and type of suture material used have led to better results, but they are far 

from ideal. Post-operative recovery may be prolonged or even sub-optimal due to 

fibrous tissue in-growth from surrounding structures. These adhesions restrict 

mobility and lead to a reduction in hand function (Gelberman and Manske, 1985).

1.2 History o f tendon healing and repair

The first documented recording of tendon repair was written by Galen 131-201 A.D., 

describing his observations of forearm flexor tendon and nerve repair. Galen came to 

the conclusion that surgery was undesirable due to resultant convulsions. Over seven 

centuries later, Avicenna 980-1087 A.D. reported on direct tendon repair but his 

observations were largely dismissed as a consequence of Galen's earlier teaching. 

Several investigators again tried to change this misguided thinking during the 

fifteenth and sixteenth century without great success (Guy de Chauliac (14"" Century) 

quoted by Kleinert et a i, 1995). In 1677 Job Easter of Zeland performed successful 

silk-suture repairs in three separate cases, however it was not until the late eighteenth 

century that tendon healing concepts finally rid themselves of Galen’s ideas. Marc 

Anthony Petit (1720) recorded successful immediate and delayed tenorrhaphy with 

silk suture and Nuck (1789) performed a successful division and repair of the
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Chapter 1

external flexor in the canine model. Nevertheless, even as late as 1837, tenorrhaphy 

had its sceptics, Rognetta and Mondiere (1837) denounced the procedure. However 

by the middle of the century, universal acceptance had occurred. As different surgical 

procedures were introduced, tendon repair was being refined. The first recorded 

importance of digital sheath preservation at the time of surgery, was by Codivilla in 

1889. Twenty-one years later Biesalski (1928) found that digital sheath repair at the 

time of tendon surgery could reduce the formation of post-operative adhesions. Lexor 

of Jena, first explored the role of palmaris longus as a flexor tendon graft, in 1912 

and advocated early post-operative motion of the repair (All references quoted in 

(Ademson, 1961; Gatz, 1928).

The present day concepts of flexor tendon surgery were formed from procedures 

carried out by Mayer in 1916 (quoted by Ademson, 1961). He described the gliding 

motion of the tendon within the sheath and the importance of tendon transfer. Several 

years later. Sterling Bunnell (1918) further refined tendon surgery by conducting a 

detailed review of the anatomy and physiology of tendons. He described the inherent 

importance of the pulley mechanism, and achieved excellent results with grafted 

tendon repair. As a result of this, the majority of surgeons switched from tenorrhaphy 

to grafted repair. It was not until the 1950’s that Verdan (1960) reverted back to 

primary sutured repair of tendon lacerations, and the surgical bodies quickly 

followed his example. Paralleled with this were investigations into tendon healing as 

people started to theorise as to the mechanisms of repair in injured tendons. This 

culminated with Skoog and Persson (1954), Peacock (1965) and Potenza (1962; 

1963), introducing the extrinsic model of tendon healing. This model dictated that 

healing required the in-growth of cells and recruitment of surrounding connective 

tissues in the form of adhesions. This concept was later refuted in the 1970’s by 

Lundborg, (1976), Lundborg and Rank (1978), Matthews and Richards (1974, 1976), 

Manske et al., (1984, 1985a) and (Furlow, 1976); they put forward an alternative 

intrinsic theory of tendon healing. This theory was based on the tendon's ability to 

heal due to fibroblast proliferation and collagen formation from intrinsic cell activity.

This thesis explores the possibility that these two theories are in fact at the extremes
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Chapter 1

of what is actually happening and puts forward a unifying explanation as to the 

mechanism of tendon healing.

1.3 Histology o f tendons

Tendons are connective tissue structures, which are made up of a large number of 

collagen fibres, primarily type I, but also type III and IV collagen. The main cellular 

component is the fibroblast; although compared to other tissues the tendon has a 

relative paucity of cells. Within the tendon core substance, collagen fibrils are 

orientated in a longitudinal fashion to form fibres, which together with the tenocytes 

(tendon embedded fibroblasts), are encased by a loose connective tissue. Depending 

on the size of the tendon, these fascicles result in either a visible striated surface or, 

two or more distinct cords. Tendons may be either intrasynovial or extrasynovial. 

This means the former, in whole or part, is housed within a fibrous synovial sheath, 

whilst the latter has no such covering. In both circumstances the inner core has been 

called the endotenon. The outer surface layer in the intrasynovial tendon has been 

termed the epitenon, which is thought to be analogous to the visceral surface of the 

flexor sheath. If extrasynovial, the surface covering of the tendon has been termed 

the paratenon and this is made from a loose vascular network of connective tissue 

that also contains elastic fibres. These aid contraction of redundant vessels after 

stretching from extension. A number of studies have used these terms 

indiscriminately resulting in confusion as to the exact site of origin of the sub

population of fibroblasts. To simplify and reduce confusion, this thesis has termed 

cells in the most superficial layers of the tendon as 'surface-derived fibroblasts' and 

those from the deeper layers as 'core-derived' fibroblasts. This terminology has been 

applied to both intra and extrasynovial tendons. Fibroblasts are in fact found in all 

parts of the tendon and at different levels may represent different sub-populations; 

each with a modified role in cell migration and matrix production in response to 

wounding. Recent work in the rat flexor tendon has shown that tendon cells within 

the core substance are orientated in longitudinal rows (McNeilly et a l, 1996). Their 

stellate-like projections reach out and touch similar processes from cells in 

neighbouring rows. This elaborate communication network has been shown to link 

the relatively low numbers of tendon cells throughout the tendon substance
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(Benjamin and Ralphs, 2000). In areas of compression the normal architecture of the 

tendon may give way to a fibrocartilagenous picture. The cells residing within the 

fibrocartilage differ from the stellate shape of the classical tendon being more round 

in appearance (Benjamin and Ralphs, 2000). In the deep flexor tendons of the rabbit 

hindpaw this corresponds to the concave surface that abuts the bones of the ankle. 

Here, the tendon is exposed to significant shear and compressive forces during 

locomotion. The tissue has intermediate properties between that of hyaline cartilage 

and dense regular tissue. The predominant cell in this region is the chondrocyte, 

either spaced out in clusters or singularly between coarse randomly arranged collagen 

fibres (Merrilees and Flint, 1980). Studies have shown that these two distinct patterns 

of histodifferentiation begin to form two weeks postnatally in the rabbit, with 

maximal differentiation achieved by nine months of age (Mills and Daniel 1993). 

These same fibrocartilageous specialised areas have been found in both bovine 

(Vogel et al., 1986) and canine flexor tendons (Okuda et al., 1987).

Other cell types, in addition to the indolent sub-populations of fibroblast may be 

found within the tendon substance. These can include endothelial and nerve cells as 

well as an inflammatory infiltrate in response to injury, made up of macrophages, 

neutrophils and lymphocytes. At the tendon-bone interface, Sharpey’s fibres pierce 

the cortex and often form a plate of white fibrocartilage (Benjamin et al., 1986). 

During postnatal development, tendon elongation occurs mainly at the myotendinous 

junction, and decreases distally. Tendon size and thickness depends on its muscle 

strength and size.

1.4 Flexor tendon anatomy

1.4.1 Flexor digitorum superficialis (FDS)

This muscle is the largest of the superficial forearm flexors, and arises from two 

heads. The humeral-ulnar head arises from the common flexor origin, (medial 

epicondyle), the anterior band of the ulnar collateral ligament, the medial side of the 

coronoid process, and the intermuscular septa. The lateral radial head originates from 

the anterior radial border at the site of the radial tuberosity. The two heads descend 

distally, and form the deep and superficial stratum, the deep strata donates two
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tendons to the ring and middle fingers; whilst the superficial strata gives rise to the 

index and little finger tendons. These formed tendons course down the forearm and 

enter the carpal tunnel in the same orientation. Once in the palm the tendons 

bifurcate, allowing the transmission of the deeper FDP tendon, which, itself becomes 

more superficial at a site corresponding to the level of the A2 pulley. Longitudinal 

tendon fibres proximal to the bifurcation can be described as central or lateral. At the 

point of bifurcation the central fibres continue into the two equal slips (figure 1.1a). 

They remain ipsilateral, that is the ulnar and radial aspect of the central fibres go to 

form part of the ulnar and radial slips respectively. The laterally orientated fibres of 

the proximal FDS tendon are different. They decussate dorsally, deep to the 

emerging FDP, and so contribute to the contralateral slip distal to the bifurcation. It is 

this dorsal cross over of the contralateral slips, and not the more proximal bifurca, 

that is termed the chiasma tendinosum of Camper (figure 1.1a). Its orientation is 

unlike the optic chiasma within the brain (figure 1.1b). It is commonly believed by 

most that this arrangement provides a frictionless tunnel for the emerging FDP. After 

the 2 slips have formed, they insert into the anterior surface of the middle phalanx, 

blending with the fibro-osseous junction of the A4 pulley. The orientation of the two 

digital flexors to each finger is shown in figure 1.2 , which has been adapted from 

Dorns’ illustration (Tubiana 1995).

The macroscopic blood supply originates from a number of arteries; the ulnar artery, 

superior and inferior ulnar collateral arteries, anterior and posterior ulnar recurrent 

arteries, superficial palmar arch and common and proper palmar digital arteries. The 

microscopic blood supply will be discussed later. The nerve supply arises from a 

branch of the median nerve.

1.4.2 Flexor digitorum profundus (FDP)

The FDP is a deep flexor muscle of the forearm. It originates from the proximal ulna 

on its anterior and medial aspect, whilst it shares a common origin from the posterior 

aspect with flexor and extensor carpi ulnaris. In addition, it arises from the ulnar half 

of the anterior interosseous membrane. The muscle belly courses distally deep to 

FDS. It then divides into four tendons, which gain entry into the palm via the carpal
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FDS slips

Chiasma
Bifurcation
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Optic nerve

Chiasma 
Optic tract

Figure 1.1 Comparison of chiasma fibre orientation between that of the visual cortex 
and of the FDS. a shows the orientation of core and lateral longitudinal fibres of the 
FDS proximal to the bifurcation. Subsequent to which, they cross over and continue 
distally as two slips, b shows the orientation of fibres from the visual cortex, in the 
optic tract, at the chiasma and on the optic nerves.

Flexor digitorum profundusFlexor digitorum superficialis

Vinculum brevium

Vinculum longum

Digital sheath

First annular pulley

Digital arteries

Figure 1.2 The anatomy of the flexor aspect of a right index finger. Schematic 
diagram to show relationship between the long digital flexor tendons, their 
macroscopic blood supply and the surrounding sheath. Adapted from Dorns’ 
illustration (Tubiana 1995).
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tunnel deep to the flexor retinaculum. Within this tunnel, the tendons are arranged in 

a single layered row. The tendon to each finger remains deep to the FDS as it enters 

the mouth of the first annular (A l) pulley. As the FDS bifurcates at the distal end of 

this pulley, the FDP tendon becomes the more superficial of the two. It then courses 

distally within the fibrous sheath, and inserts into the base of the distal phalanx in 

each finger. The natural topography of the tendon is interesting. There are two 

narrowings, one at the level of the FDS bifurcation, and another where it traverses 

the A4 pulley. At a variable point on the volar aspect of the tendon, there is a central 

groove, which deepens distally (Walbeehm and McGrouther, 1995). The transverse 

shape of the intrasynovial portion varies along its course (Martin, 1958). At the level 

of the first pulley, it is oval shaped. It then becomes more triangular, and then square 

shaped as it passes through the bifurcation. Distal to this, it resumes a triangular 

shape, whilst at its insertion, it is formed from two ovals. In addition, Martin (1958) 

noted macroscopic spirals on each half of the tendon leading towards the volar 

groove. It has been hypothesised that these grooves aid motion of the FDP through 

the bifurcation of the FDS, by allowing minor shape adjustment. They are also 

thought by some to impart an elastic property, which is important for shape retention 

after loading and unloading. Thirdly it is thought that they may play a part in tendon 

nutrition 'tapping' the synovial fluid (Manske and Lesker, 1982). The FDP muscle is 

also known to occasionally receive an accessory Gantzers muscle 'accessorious ad 

flexorem profundum digitorum'. It arises from the deep surface of the proximal FDS 

muscle and inserts into either one two or three of the flexor digiturum profundous 

tendons in the proximal wrist (Jones et al., 1997). Its incidence ranges from 2.9% to 

35.2% (Mangini, 1960, Kida 1988; respectively).

The muscle receives its macroscopic blood supply from the posterior ulnar recurrent, 

anterior interosseous, palmar metacarpal and common digital arteries. The medial 

aspect also receives branches of the ulnar artery, whilst the lateral aspect gains a 

supply from the deep palmar arch. The nerve supply is from the anterior interosseous 

branch of the median nerve, to the lateral side, and the medial aspect by the ulnar 

nerve (Williams and Warwick 1995).
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1.4.3 Flexor Tendon Sheath

The flexor tendon sheath is a fibro-osseous tunnel, which encases the long flexors to 

the fingers and thumb. It is lined with synovium, which produces synovial type fluid. 

There are, as with other body cavities, two layers. The outer parietal, and inner 

visceral layer which is adherent to anything within the sheath, such as the tendon 

surface, vinculae, and nerves. The thumbs' sheath continues into the palm, as does 

that of the little finger. The thumbs' sheath commences approximately 2cm distal to 

the radial styloid (Doyle and Blythe, 1977). In the little finger, the proximal aspect is 

in common with the palmar flexor sheath, which envelops all FDS and FDP tendons 

as they emerge from the carpel tunnel. It is for this reason that infections, such as a 

paronychia of the little finger, may spread proximally so rapidly as there is no 

physical barrier. The anatomy of the sheaths encompassing the middle three digits is 

different. They commence at the level of the distal palmar crease, which equates to 

the metacarpal neck. All finger digital sheaths terminate at, or just beyond, the distal 

interphalangeal joint, whilst the thumbs sheath ends just distal to the interphalangeal 

joint.

The functions of the sheath have been investigated by a number of authors. Firstly, 

due to its lining of synovium, the sheath produces an almost frictionless surface for 

tendon gliding, and hence digital movement. Secondly, its synovial lining produces 

synovial type fluid now thought to be important in tendon nutrition, and thus healing 

(Lundborg et at., 1980). Between the fibrous thickenings, the sheath has thin 

outpouchings that act as reservoirs for fluid. Lastly, along its length, the sheath has 

several specialised thickenings, the number of which varies between fingers and 

thumb. These have an important functional role preventing flexor tendons from 

bowstringing away from the normal close proximity of the phalanges during digital 

flexion. Bowstringing indeed may be a complication of sheath and pulley trauma that 

has not been adequately repaired (Strauch and de Moura, 1985). The fingers have 

five such thickenings of the sheath whose collagenous fibres arch transversely over 

the tendons. They vary in size, position and in functional importance (Figure 1.3).
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A l A2 A3 A4 A5

Cl C2 C3

Figure 1.3 The anatomy of the digital sheath within the human finger. Specialised 
transverse thickenings within the sheath (annular pulleys) are labelled Al to A5. The 
three cruciate pulleys are labelled Cl to C3. Adapted from Dorns’ illustration 
(Tubiana 1995).

A2

Oblique

Al

Figure 1.4 The anatomy of the digital sheath within the human thumb. The 
transverse orientated specialised thickenings of the sheath (annular pulleys) are 
labelled Al and A2. In between these is the larger oblique pulley of the thumb. 
Adapted from Dorns’ illustration (Tubiana 1995).
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Until relatively recently it was thought that only four annular pulleys were present. 

This changed with the description of the fifth annular pulley by Doyle (1988). The 

narrow A l, A3, and A5 pulleys all lie in close proximity to joints. The functionally 

more important, and broader A2 and A4 pulleys lie over the base of the proximal and 

middle phalanx respectively. Between the annular pulleys lies the cruciates, their 

fibres run diagonally across the tendon and perpendicular to each other. The cruciate 

pulley C l lies between A2 and A3, C2 lies between A3 and A4 directly over the 

proximal interphalangeal joint, whilst C3 lies between A4 and A5. Lastly there is the 

singular palmar aponeurosis, which many believe to be the mouth of the flexor 

sheath situated at the level of the distal palmar crease (Doyle, 1990).

The thumb pulley system (figure 1.4) differs from that of the fingers, due to its 

greater dexterity. It has one oblique, and two annular pulleys that encase flexor 

pollicis longus. The annular pulleys both lie over the joint; T1 over the 

metacarpophalangeal and T2 over the interphalangeal joint, with the oblique pulley 

lying between these two. The latter is believed to be the most important and it runs 

from the ulnar to the radial border proximal to distal (Doyle and Blythe, 1977).

For the purpose of description, tendon injuries of the hand are divided up into zones. 

With respect to the deep and superficial flexors of the fingers, the anatomical 

location of the tendon insult can be ascribed to one of five zones (figure 1.5). They 

are: zone 1 distal to the FDS insertion; zone 2 from the A l pulley to the FDS 

insertion; zone 3 from the distal end of the carpal tunnel to the A l pulley; zone 4 

carpal tunnel and zone 5 proximal to the carpal tunnel. In the thumb, the same 

number of zones exist but with different anatomical demarcations; zone 1 distal to 

the interphalangeal joint; zone 2 from the A l pulley to the interphalangeal joint; zone 

3 thenar eminence; zone 4 carpal tunnel and zone 5 proximal to the carpal tunnel. The 

most commonly affected zone with the poorest outcome of repair is zone 2.

1.5 Tendon Nutrition

It is now known that tendons are not inert, but have the capacity to heal, as long as 

there is a source from which they can derive nutrition. In the case of the finger flexor

30



Chapter 1

Figure 1.5 The zones of injury of the flexor tendons to the digits of the hand. The 
four fingers all have the same boundaries to their zones. Z1 distal to the FDS 
insertion; Z2 from the Al pulley to the FDS insertion; Z3 from the distal end of the 
carpal tunnel to the Al pulley; Z4 carpal tunnel and Z5 proximal to the carpal tunnel. 
The thumb flexor has slightly different zones of injury. T1 distal to the 
interphalangeal joint; T2 from the Al pulley to the interphalangeal joint; T3 thenar 
eminence; T4 carpal tunnel and T5 proximal to the carpal tunnel.
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tendons, both their blood supply and the synovial fluid within which they bathe have 

been suggested as sources of nutrition. The contribution of each, to the healing 

process however is still a contentious issue.

1.5.1 Blood Supply

One of the earliest documented accounts of tendon repair was written by Galen 131- 

201 AD, (quoted by (Ademson, 1961). It was however, not until the late nineteenth 

century that tendons were found to contain blood vessels (Ludwig, 1872). Since that 

time interest has centred on the source and the perceived importance of these vessels. 

Three distinct sources, the musculotendinous junction, the osseotendinous junction, 

and the vincular vessels were shown by Mayer (1916), to contribute to the vascular 

network of the tendon. He documented palmar avascular zones within the 

intrasynovial portion of the FDP tendon. Later that century, these tendons were found 

to possess deep longitudinal vessels as well as fine capillary-like anastomoses on the 

surface (Edwards, 1946). Peacock (1959) showed that the three sources of blood 

supply described by Mayer (1916) in fact contributed in different proportions; that 

the segmental vincular blood supply was the most important and the two other 

sources were relatively minor.

Much of the historical work on tendon blood supply has been performed on cadaveric 

and post-mortem material, not only from Man, but also from other species. Since the 

early 1970's, tendon blood supply has been investigated by intravital perfusion 

studies. India ink has been used to look at cadaveric human digits (Lundborg, 1976; 

Ochiai et a l ,  1979; Zhang et al., 1990), chicken tendons (Pennington, 1979), monkey 

tendon grafts (Singer et al., 1989) and dogs (Gelberman et a l ,  1992b; Gelberman et 

al., 1991a). Casts of hen tendon blood vessels have been produced with perfused 

methyl methacrylate and subsequent scanning electron microscopy analysis (Ochiai 

et al., 1979). Warren et a l, (1988) later employed a latex-gelatin mixture to study 

human cadaver specimens. The pitfalls of this perfusion technique are that it requires 

an intact tendon with an intact proximal blood supply. In addition, recent work has 

suggested that this technique may give rise to false positive results when the 

delineating medium is injected into the paravasal space, due to a high injection 

pressure or when a vessel is damaged due to postmortal degradation (Rudert and

32



Chapter 1

Tillmann, 1993). A false negative result may be caused via microembolism by 

insufficient filling of the vessels due to low injection pressure, or when the injection 

medium hardens before it reaches the terminal arteries (Petersen et al., 2000).

It is therefore not surprising that these qualitative assessments, which have used 

different injection materials, in different species, have produced different 

descriptions of long flexor blood supply. Lundborg and Myrhage (1977) reported 

longitudinal extrasynovial core vessels entering the sheath, but giving way to a 

sizeable avascular zone on the palmar aspect of the tendon corresponding to an area 

between the A2 and A4 pulleys in human cadaveric material. However the dorsum of 

the tendon in this region was well vascularized due to a continuation of the 

longitudinal vessels. In contrast, Gelberman et al., (1991a) using the canine forepaw 

long flexors, stated that the avascular area in this species was total, with both dorsal 

and palmar aspects devoid of blood vessels.

In addition to the anatomical investigations, authors have evaluated the importance 

of these vessels in tendon nutrition (Lundborg, 1976; Lundborg et al., 1980; 

Lundborg and Rank, 1978; Manske et a l ,  1978; Naito and Ogata, 1983). It is 

believed that the intrasynovial tendon unit may derive nutrition from either the 

synovial fluid, and or from its own blood supply (Manske and Lesker, 1985). The 

contributions of both sources are likely to change in the event of injury and healing.

In recent years much interest has focused on the blood supply to the tendons of the 

performance horse. The superficial digital flexor tendon in an equine athlete is 

susceptible to tendonitis, especially in the least vascularised mid-metacarpal region 

(Fackelman, 1973). This can have functionally and economically devastating 

consequences. The pathogenesis of this process is likely to be multifactorial, with 

micro trauma (Patterson-Kane et al., 1998), biomechanical forces, fatigue and 

nutrition all suggested. However, post mortem findings of intratendinous hemorrhage 

and necrosis in this region implicate the paucity of vessels as a potential etiological 

factor (Kraus-Hansen et a l,  1992). To date qualitative perfusion studies and washout 

techniques have been used to study the vascular supply.
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To circumvent the potential problems of perfusion techniques, this thesis has 

employed immunohistochemistry. This allows the precise localisation of endothelial 

cells within the tendon substance. This technique is based on an antibody-antigen 

reaction, with a surface marker on the endothelial cell of arteries, veins and 

capillaries, acting as the antigen. Visualisation of this complex, and therefore the 

vessel, is by the addition of a chromogenic substrate. This method has previously 

been used to characterise the vascularity of herniated spinal tissue in humans (Virri et 

al., 1996). More recently, a study has used ink perfusion in conjunction with 

immunohistochemical localisation of laminin in blood vessels of the peroneus longus 

tendon from fresh human cadavers. The latter technique was on cryo-sections and the 

laminin was highlighted with a FITC conjugated secondary antibody. There was no 

attempt at quantification of vessels or the dye uptake (Petersen et al., 2000). Our 

immunohistochemical technique for blood vessel localisation differs in two 

important areas; it uses archived transverse and longitudinal paraffin tendon sections 

and although developed in the popular rabbit tendon model, has been successful in 

similarly prepared human and equine tendons as well. Secondly, the staining is of 

sufficient contrast to allow automated image analysis and quantification of vessel 

number.

1.5.2 Synovial fluid

Potenza (1963), an advocate of the extrinsic theory of healing, proposed that the 

metabolic requirements of a tendon, may be met entirely by the diffusion of synovial 

fluid into the tendon substance and was enough to sustain the life of the tendon. He 

deduced this by enclosing a vascularized intrasynovial tendon in a synthetic tube. 

The tendon was thus isolated from the synovial fluid, and started to degenerate. This 

seemed to be corroborated by work carried out by Matthews (1976), who 

devascularized a portion of a rabbits' long flexor tendon in an intact synovial sheath, 

and found that the tendon survived. It was found that the segments were free from 

adhesions in all digits and had a smooth surface formed from new collagen. All but 

the very central cells appeared to remain viable. McDowell and Snyder (1977) 

examined the interface between the vinculae and longitudinal vessels within the 

tendon. They hypothesized that these ‘capillary loops’ acted as a dialysing membrane
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with the exuding fluid made available to the tendon substance for metabolism.

With the advent of radioisotope technology Manske et a l, (1978) and others 

performed radiolabelled uptake studies, confirming the importance of synovial 

derived nutrition over and above the tendons blood supply. Indeed Manske et a l,  

(1978) re-confirmed the survival of devascularized tendons surviving on nutritional 

uptake from synovial fluid alone. These new findings began to challenge the widely 

held surgical belief of that period, that volar sutures were detrimental, that grafts 

required adhesional vascular in-growth for survival, and that the sheath should be 

resected. However in the light of recent studies in the early eighties it is now thought 

prudent to close the sheath wherever possible, a fact hinted at earlier by Codivilla in 

1889. Codivilla is credited as being the first to recognise the importance of sheath 

preservation.

Lundborg et a l, (1980) performed an elegant set of experiments that involved 

maintaining a rabbit flexor tendon repair within the synovial cavity of the rabbits 

knee joint for three weeks. It was either left free or wrapped within a dialyzing 

membrane to avoid cell seeding from the synovial fluid. They found evidence of 

intrinsic fibroblastic repair around the suture site both in tendons with and without 

membrane wrapping. However, without the membrane, cell seeding by macrophages 

derived from the synovial fluid was evident on the surface of tendons. They took this 

to mean that flexor tendons may show intrinsic fibroplasia when nourished by 

synovial fluid, while macrophages, mainly of extrinsic origin, contribute to 

restoration of the tendon surface.

In practice, trauma to the digits requiring repair is never as exact as that produced in 

the laboratory setting. Thus the general consensus is that both vascular and synovial 

fluid do play a role in tendon nutrition, but as to what proportion and in what setting 

is still hotly debated.

1.6 Tendon Healing

1.6.1 Concepts derived from in vivo studies
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The origin of the cells responsible for the repair of an injured tendon is still the 

subject of intense debate. Cursory experiments into the cellular response to tendon 

injury started as early as the seventeenth century (Kleinert et a l,  1995). It was not 

until the latter half of the 20'*’ century that conflicting accounts of the stages in tendon 

healing arose.

The principles that had developed as a result of reoccurring interest, were crystallised 

by findings in the 1960's by Potenza, (1962, 1963, 1970): tendons heal by the 

fibroblastic response to the surrounding tissues whose own integrity has been 

violated. These findings were supported with observations made by Skoog and 

Persson (1954), Peacock (1965) and Peacock et a l,  (1971). It led to the classical 

theory of extrinsic tendon healing (Potenza, 1964) (Figure 1.6a). Potenza believed 

that the tendon itself did not possess the capacity to heal and that repair occurred as a 

result of an in-growth of movement restricting adhesions made up of connective 

tissue, and blood vessels. Their component cells were shown to arise from the 

damaged intrasynovial sheath that was in close proximity to the tendon injury. In 

fact, sheath disruption was just one stimulus for adhesion development, together with 

immobilisation and sutured repair (Matthews and Richards, 1976). Although 

detrimental to digital movement, adhesions were thought to act as a conduit with a 

pertinent additional blood supply to the healing site (Potenza, 1964).

With time, the extrinsic concept of tendon healing began to be challenged. The early 

seventies saw Lundborg (1976), Lundborg and Rank (1978) Matthews and Richards 

1974, 1976), Furlow, (1976) and Manske et a l,  (1984, 1985a), put forward an 

alternative to the extrinsic theory of tendon healing. Furlow (1976) crystallised the 

plethora of concurrent studies by specifying that intrasynovial tendons healed by an 

intrinsic process, that adhesions were unnecessary, and could be prevented from 

forming by early motion of the repair site post operatively (Figure 1.6b).

In an attempt to corroborate the emerging intrinsic theory, Lundborg carried out a 

range of experiments. He transplanted a free piece of intrasynovial tendon into the 

suprapatellar pouch of a rabbit. It survived for 12 weeks with only moderate central
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tendon necrosis (Lundborg and Rank, 1978). These results were interpreted by many 

to be the synovial lining cell pre-seeding of the tendon, thus the tendon portion itself 

had external help with healing. Lundborg later refuted this explanation after 

modifying his experiments in a way that prevented cell seeding, showing that the 

tendon still healed. These experiments led to his contention that the tendons' intrinsic 

healing capacity was reliant on the tendon sheath and its production of synovial fluid 

as a source of tendon nutrition (Lundborg et a i ,  1985).

With the advent of cell culture techniques, Becker et al., (1981) used cell-free 

culture media to explant tendon portions, showing their ability to produce collagen- 

producing fibroblasts. Later, Manske et a i, (1984) found that even without the 

epitenon cells, an injured tendon can still heal using endotenon cells which appeared 

to have a function of collagen synthesis. Mass and Tuel (1989) took the culturing 

technique a little further showing that even explanted tendons have the intrinsic 

ability to heal themselves and undergo defined stages of cell division, cell migration, 

phagocytosis and subsequent new collagen production.

More recently, different investigations have found distinct differences between the 

surface and core fibroblasts of the tendon unit. At the outset, the epitenon layer after 

injury shows greater vascularity, cellular and biochemical activity than the inner core 

cells. Gelberman et al., (1992), using mRNA probe techniques, found a greater 

procollagen expression in the surface layer, thus the epitenon produced relatively 

more collagen in the initial stages of repair, compared with the endotenon. 

Interestingly the more reactive surface-derived cells are also thought to proliferate 

and migrate into the laceration (Gelberman et al., 1984). This is possibly in response 

to elevated levels of fibronectin production at the site of injury (Gelberman et al., 

1991b). Actual quantitative analysis of cell migration has only been shown in the 

extensor tendon of the rat (Iwuagwu and McGrouther, 1998).

Recent advances in the understanding of tendon healing have come from 

immunohistochemical studies. Khan et a i, (1996) employed various monoclonal 

antibody location of different inflammatory markers at different sites over a period
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Figure 1.6 The classical and current working concepts of tendon healing, a: Classical 
extrinsic theory where tendon healing only arises as a result of in-growth of cells and 
blood vessels from surrounding areas, b: Classical intrinsic theory where the tendon 
possesses its own ability to heal, c: Our working hypothesis: The surface derived 
fibroblasts migrate down into the cut and from there into the core substance of the 
tendon. O = Fibroblast.
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post injury. They found that both the synovial sheath, and the surface of tendons 

were relatively more reactive in the early period post insult, compared to the core. 

The same group in another study went onto show that during the early stages post 

injury, endotenon cells actually undergo apoptosis. However by 12 weeks, the core 

starts to show hypercellularity (Kakar et al., 1998). They later made further 

distinctions between two fibroblasts sub-populations using an in vitro collagen lattice 

contraction model. They found that fibro-osseous sheath derived fibroblasts were 

very reactive and aggressive contractors of the lattice when compared with the 

endotenon cells; hypothesising that these may be involved in the initiation and 

perpetuation of scarring at the injury site (Khan et at., 1998).

Growth factors are pluripotent polypeptide mediators produced by a variety of cell 

types. In vitro and in vivo studies of growth factors have shown that they, together 

with their receptors, undergo simultaneous change in response to injury. Many 

studies have focused on defining the role of growth factors in tendon repair. In vitro 

studies have shown that Insulin-like Growth Factors I and II stimulate cell 

proliferation in rabbit flexor tendons, and proteoglycan synthesis in the intrasynovial 

tendon, to a greater degree than in the extrasynovial tendon (Abrahamsson and 

Lohmander, 1996). Duffy et al., (1995) found that levels of Epidermal Growth Factor 

(EGF) and Platelet-Derived Growth Factor (PDGF) altered in response to 

intrasynovial injury in the canine model. A year later Chang et a l, profiled the 

changes in Transforming Growth Factor (TGF-(31) in intrasynovial tendons. Both 

intrinsic tenocytes and sheath cells expressed increased TGF-Bl mRNA in response 

to injury. They felt this up-regulation was evidence to suspect both intrinsic and 

extrinsic repair processes existed within the same tendon (Chang et al., 1997). Chang 

et a l, also found that basic Fibroblast Growth Factor (bFGF) was only rarely 

expressed in normal tenocytes and sheath cells, whereas in injury, there was a 

significant increase in production in the epitenon cells and the sheath fibroblasts 

(Chang et al., 1998).

Whilst several authors have proposed a surface fibroblast proliferation and 

subsequent migration in response to injury (Gelberman et al., 1984; Iwuagwu and
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McGrouther, 1998; Manske et al., 1984, 1985a), no one has actually labelled the 

cells in order to study their pathway. Our hypothesis is that proliferation and 

migration does indeed take place in the very early stages of tendon repair, and that 

they migrate into the substance of the tendon from the cut (figure 1.6c). If this were 

the case they may have a role in early collagen matrix production as the core 

tenocytes adjacent to the wound have been shown to apoptose within the first week 

in response to the injury (Kakar et at., 1998). In order to explore this hypothesis we 

have utilised the rat tendon partial tenotomy model described by Matthew et al., 

(1987), which has also been used to study cellular responses to tendon injury by 

Khan et al., (1996) and Iwuagwu and McGrouther (1998).

1.6.2 Concepts derived from in vitro studies

Although techniques to study various aspects of tendon healing in vitro are different 

from the use of an in vivo animal model, certain advantages apply. The process of 

designing an in vitro experiment, in comparison to its in vivo counterpart, requires 

refinement and often results in the reduction of total animal numbers used; which 

where possible should be encouraged. Additional benefits of the in vitro system are 

its inherent ability to minimise uncontrollable variables. This enables the assessment 

of only isolated changes in the culture environment. When using in vivo animal 

models of tendon healing, a multitude of biological processes directly or indirectly 

affects the repair, some of which the researcher has no control over. Some 

investigators feel that as extrinsic cell contribution can never be totally discounted, in 

vivo studies themselves can not totally establish the tendons inherent capacity to 

repair (Ludwig, 1872). Over time, more investigators have employed tendon organ 

culture to study tendon healing. Mayer (1916), managed to maintain tendon segments 

within culture medium for three weeks. They found that if the segments were pre

treated with synovial bathing, evidence of repair was seen in culture; this was not the 

case if there was no pre-treatment. It was concluded that pre-incubation in synovial 

fluid was necessary for cell proliferation and subsequent investigation showed that 

serum or plasma-fortified media was needed to produce cell proliferation, migration 

or tendon healing whilst in culture (Becker et a l, 1981, Gelberman et a l, 1984, 

Manske et a l, 1984). The study by Becker used segments of chicken FDS tendons
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with 2mm dermal punch holes through the centre, placed in culture media 

supplemented with foetal calf serum. One half of the tendons had a plasma clot added 

to the punched out defect. Tendon cell proliferation and migration were observed in 

both samples, however in those tendons with the clot, proliferation and migration 

were observed at 48 hours whilst in those segments without, proliferation was not 

initiated until days four to six.

During the first two weeks in culture, epitenon cells have been shown to proliferate, 

migrate and encapsulate the tendon segments (Mass and Tuel, 1989). Endotenon cells 

have been shown to produce collagen after two weeks in culture (Gelberman et a l, 

1984, Manske et a l, 1984). Subsequent studies have found that epitenon cells have a 

role in collagen production in culture at an even earlier time-point than core derived 

fibroblasts (Russell and Manske, 1990).

Whilst tendons from different species undergo similar steps to effect repair in culture, 

they do so at different rates. Gelberman et a l, (1984) compared rabbit, chicken, dog 

and monkey segment sustained in culture for three months. A characteristic sequence 

of repair, including epitenon thickening, cellular differentiation, cell migration, and 

phagocytosis was demonstrated. The rabbit tendons evidenced nearly complete 

closure of the repair site by 12 weeks. A lesser response was seen in the chicken, 

followed by the dog and monkey. This repair in culture in the absence of extrinsic 

input has been demonstrated with human tendon segment culture (Mass and Tuel, 

1989, 1990). Whilst the repair seen in culture has many parallels with its in vivo 

counterpart, it appears to progress in a slower and less regulated fashion 

(Abrahamsson et a l, 1991).

In vitro tendon cell culture was introduced in the 1950's by Jackson et a l, (1954) and 

later refined by Dehm and Prockop (1971) and Ishii et a l, (1974). They maintained 

isolated embryonic avian tendon cells in tissue culture. Since that time this 

methodology has been widely adopted in order to examine a range of different 

processes thought to be involved with the healing of tendons. Techniques for the 

acquisition of tendon cells for culture include explanting, enzymatic digestion and
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tissue dicing. By far the most popular method of obtaining cells in culture is the 

explant method. A segment of tendon is desiccated and then incubated in sterile 

culture media. Cell monolayers can be obtained within two to five weeks. These 

methods for obtaining cells have been used to study the early cellular response of 

tendon derived cells to different growth factors; the ultimate aim being to isolate 

growth factors that produce a positive effect on the sub-populations thought to be 

responsible for tendon repair. Much of the initial work has been done with cell 

cultures derived from the knee ligaments of rabbits. Cells taken from immature, 

mature or old rabbits were grown in culture containing different growth factors. 

Scherping et a l, (1997) and Schmidt et a l, (1995) found that EGF, bFGF and 

PDGF-BB increase cellular proliferation, especially in the immature rabbit cells. 

Attention has also focused on collagen production. Marui et a l, (1997) found that 

Type-I collagen production of medial collateral ligament cultured cells increased 

only in response to stimulation with TGF-pi. The effect of growth factors on 

migration has been studied using cultured canine ligament fibroblasts and Type-1 

collagen coated Nucleopore membranes. Hannafin et a l, (1997) demonstrated a 

positive chemotactic effect in response to PDGF, EGF, Hepatocyte Growth Factor 

(HGF), Bone Morphogenetic Protein (BMP-2) and Interleukin-2 (IL-2). These 

techniques have since been applied to intrasynovial flexor tendons. Cell culture 

studies with avian flexor tendons have indicated that PDGF-BB and IGF-1 both have 

a dose dependent positive effect on cell proliferation (Banes et a l, 1995). Whilst 

BMP-2, IGF-II, TGF-|3 and bFGF have been shown to have a positive proliferative 

effect on cultured bovine flexor tendon fibroblasts (Rodeo et a l, 1994). The up- 

regulation of integrins (substances that mediate communication between cells and the 

extracellular matrix), especially av|33 and a 5 p i, have been shown in response to 

increased levels of bFGF and PDGF-BB. This was done using the reverse 

transcription-polymerase chain reaction (RTPCR) of first passage cells derived from 

canine flexor tendon explants (Harwood et a l, 1999). The ideal concentration of 

growth factors in rabbits' flexor tendon culture media was investigated by Kang and 

Kang (1999). They examined the individual effects of IGF, EGF, FGF and PDGF in 

serum free media in comparison to foetal calf serum fortified media. Foetal calf 

serum was found to be the most potent stimulator of cell proliferation and protein
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synthesis in in vitro rabbit's tendon culture. All of the single growth factors apart 

from FGF exhibited a positive dose dependent response on cell proliferation and 

matrix synthesis.

With the recent advances in tendon culture, attention is turning towards tissue 

engineering of constructs for use in tendon repair. The slow regenerative capacity of 

this relatively avascular tissue with low cell density and mitotic activity is in contrast 

to that of skin. Collagen scaffolds alone are not thought sufficient to effect repair in 

tendon wounds. This has therefore directed investigations into collagen constructs 

seeded with cultured cells. Dunn et a i, (1995) found that collagen scaffolds seeded 

with Anterior Cruciate ligament derived cultured cells synthesised new matrix in 

higher quantities than cells cultured as monolayers. The constructs were also of 

comparable strength to native ligament tissue. Since that time, research has started to 

look at mesenchymal stem cell seeding of collagen gel constructs (Young et a l, 

1998). The optimum density of cell seeding is thought by some to be critical to 

preventing excessive contraction of the implantable constructs of the future (Awad et 

a l,  2000). Research into the important subtypes of cells involved in the early repair 

is therefore required in order to seed these constructs with the pertinent cells.

1.7 Animal models in the study o f tendon healing

In order for improvements in the outcome of tendon repair to be made, research has 

and still does, rely on essential animal work. These models allow the hypotheses of 

disease pathogenesis and its treatment to be rigorously tested. Important criteria 

should be adhered to when choosing a model so that comparisons can be drawn with 

the human condition under investigation. The size of animal should be large enough 

to allow adequate and reproducible tissue manipulation; the animal must be available 

and affordable, giving sufficient numbers to allow statistical comparison; finally the 

tissue must be amenable to measurement in a controlled reproducible fashion 

(Carpenter et a l,  1999).

Tendon models can broadly be divided into intrasynovial and extrasynovial types. A 

number of different animal models have been employed in the study of tendons.
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including, mouse (Michna, 1987), (Iwuagwu and McGrouther, 1998; Matthew et 

a l,  1987; McNeilly et al., 1996), chicken (Becker et at., 1981), (Banes et al., 1999), 

rabbit (Abrahamsson et al., 1991; Abrahamsson et al., 1992; Chang et al., 1998; 

Flint, 1972; Gillard et al., 1977; Gillard et al., 1979; Kakar et al., 1998; Khan et al., 

1996; Kumagai et al., 1994; Manske et al., 1984; Matthews and Richards, 1976; 

Rank et al., 1980; Reddy et al., 1999), dog (Duffy FJ et al., 1995; Gelberman et al., 

1991b; Gelberman et al., 1983; Lundborg et a l, 1980; Potenza, 1962), cow (Rodeo 

et al., 1994; Vogel and Meyers, 1999), monkey (Manske et al., 1985b; Russell and 

Manske, 1990), and even horse (Gaughan et al., 1991; Norrie, 1975; Watkins et a i, 

1985; Williams et al., 1980), Comparisons between species have even been 

conducted (Gelberman et al., 1984).

The majority of the studies assess the tendon response to injury. Not only have 

different species been used, but the type of injury inflicted has varied as well. It may 

range from complete transection and repair (Frykman et al., 1993), partial transection 

(Manske et a i, 1984), crush injury, avulsion injury or partial window tenotomy 

(Iwuagwu and McGrouther, 1998). The conclusions drawn have often been 

contradictory or in part confusing. It is perhaps unsurprising due to the range of 

material studied.

The most commonly used model for the in vivo study of tendon injury is the rabbit. 

The deep flexors of the forepaw have gained popularity due to their accessibility and 

ease of use (Abrahamsson et al., 1989; Chang et al., 1997; Chang et a l ,  1998; Kang 

and Kang, 1999). The hind deep flexors have also been used (Churei et al., 1999; 

Malaviya et al., 1998). A literature review provided a varied account of the long 

flexor anatomy of both hind and forepaws, with inconsistencies regarding the number 

of annular pulleys, which have been illustrated as 3, (Hagberg and Gerdin, 1992) 4, 

(Abrahamsson et al., 1989; Wiig et al., 1996) and 6 in number (Hanff and Hagberg, 

1998). Some investigators give a cursory description of the site of injury inflicted by 

relating it to either the proximal pulley (Matthews and Richards, 1976), or distal 

pulley (Moro-oka T, 1999). It has been well documented that in the human finger, the 

deep flexor tendon changes shape with progression through the sheath (Martin, 1958;
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Walbeehm and McGrouther, 1995). To date this has not been discussed in the rabbit 

model. The inconsistencies and incomplete anatomical description of the deep flexor 

tendon in this commonly used animal model prompted us to do a preliminary 

anatomical and morphological study. Therefore results gleaned from our rabbit 

model could be described with respect to surrounding structures with confidence.

The second animal model used in this thesis is the rat (chapter 6). This animal has 

been used in previous investigations concerning healing. We have adapted a 

previously documented partial tenotomy window for use in the flexor tendons of the 

rat hindpaw. This model was put forward by Matthew et al., (1987) to study collagen 

fibril formation in the healing wound. They found that collagen fibril formation 

within the unstressed window was slow and resulted in small diameter fibrils. The 

collagen formation either side of the window progressed more rapidly, resulting in 

larger fibril diameter. Later, Iwuagwu and McGrouther (1998) employed the same 

model for investigation into the early cellular response to injury in the rat extensor 

tendon. To date no one has used this partial tenotomy window injury on flexor 

tendons. Therefore a brief ultrastructural investigation was undertaken to illustrate 

the effect of partial tenotomy on both flexor and extensor tendons.

1.8 Vital Dyes and their role in cellular studies

Fluorescent vital dyes are stains that selectively tag living cells and therefore can be 

used to study a number of cellular processes. One such probe is the fluroscein-based 

dye. Cell Tracker Green™ (4-chloromethylfluroscein diacetate (CMFDA)) discussed 

in chapters five and six. This fluorescent probe was designed for retention in living 

cells through several generations, with daughter cell incorporation but without 

leakage to surrounding unstained cell populations. It freely passes into living cells 

but once inside undergoes what is thought to be a glutathione S-transferase-mediated 

reaction producing a cell-impermeant product. It has an absorption maxima of 492 

nm and an emission maxima of 516nm. As glutathione levels in most cells are high 

and glutathione transferase is ubiquitous, this vital dye has been used for long-term 

studies of cells in culture (Cumberledge and Krasnow, 1993), cell viability and 

toxicity studies (Burghardt et a l,  1992; Vijayasekaran et al., 1998) and
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transplantation investigations (Chen et al., 1997). Here the authors used the dye to 

corroborate the survival rates of cultured bovine chondrocytes seeded onto articular 

cartilage explants. With this method they found a transplantation efficiency of 93%. 

Cell tracker ™ has also been used to study migration in different cell types both in the 

in vitro and in vivo setting. A recent in vivo study (Baker et al., 1997) used this vital 

dye to label rat platelets and found that it did not interfere with function, distribution 

or half-life (3.1-3.3 days) when used at a concentration of 2.5pM. In vivo neutrophil 

chemotaxis (Noiri et al., 2000) and mast cell migration from blood to brain 

(Silverman et al., 2000) have also been demonstrated using the vital dye. The one 

unifying factor amongst these studies is the pre-labelling of the cells in question 

before introduction into the in vivo setting.

Another vital dye that was employed in the studies discussed in Chapter six of this 

thesis was the lipophilic membrane stain 1,1 '-dioctadecy 1-3,3,3 ',3 '- 

tetramethylindocarbocyanine percholate (Dil). Its absorption and emission maxima 

are 549nm and 565nm respectively. In general it has been shown that there is no 

transfer from labelled to unlabelled cells, although several reports have documented 

small amounts of transfer with cell membrane disruption associated with sectioning 

at temperatures of 40 °C. (Hofmann and Bleckmann, 1999). They found vast 

improvement and reproducibility with this stain by reducing the incubation 

temperature and adding a Calcium binding agent. The long-chained carbocyanine 

dyes, of which this is one, are ideal for use in a number of different applications. 

They include anterograde and retrograde neuronal tracer in both living and fixed 

tissues and cells (Honig and Hume, 1989), long term cell labelling in culture 

(Kuffler, 1990), non-covalent labelling of lipoproteins (Barak and Webb, 1981) and 

transplantation (Markus et a l,  1997). In the latter study they found pre-labelled 

hepatocytes, that were introduced into an in vivo rat liver model, were detected as late 

as 18 days post administration. They also found evidence of stained cells in other 

organs such as the spleen indicating that cellular migration had taken place. Cell 

migration has also been studied using this dye in the developing chick brain (Golden 

et al., 1997), Glioma cells (Vajkoczy et al., 1999), limb-bud development (Li and 

Muneoka, 1999) and Sertoli cells (Karl and Blanche, 1998). Several authors have
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used the dye to highlight different cell types so as to allow their morphological 

examination (Hanani et al., 1998; McNeilly et al., 1996). The latter study looked at 

the morphology of intrinsic tenocytes in the rat flexor tendon. McNeilly et al., 

(1996) used confocal microscopy to analyse Dil-stained cells. They found cells 

orientated in longitudinal rows, the Dil-highlighted numerous flat sheet-like 

processes that extend laterally toward similar processes from cells in adjacent rows. 

This highlighted an elaborate system of segmental tunnels in which tenocytes 

maintain communication.

1.9 Tendon adhesion formation

Tendon adhesions are fibrous bands that form post tendon injury and connect the 

affected area to its surrounding anatomical structures. (Potenza, 1963) found that they 

were made from fibroblasts and endothelial cells. From his observations he deduced 

that invasion of this granulation tissue was a necessary part of the postulated extrinsic 

healing process and formed in proportion to the amount of tissue injury with resultant 

new collagen formation (Potenza, 1962, 1964). Although acting as conduits for 

neovascularisation of the injury, adhesions have been shown to be detrimental to 

mobility and lead to a reduction in hand function (Gelberman and Manske, 1985). It 

was later shown that in order for adhesions to develop, a combination of tendon 

suturing, immobilisation and, or concurrent digital sheath injury are required 

(Matthews and Richards, 1976). They showed that the counter-experiment of an 

incompletely divided tendon, without suture material and lying freely within an 

otherwise uninjured digital sheath, healed normally without the appearance of 

adhesions. In the same year Furlow (1976), put forward a counter hypothesis to that of 

Potenza's, concluding that intrasynovial tendon injury healed through an intrinsic 

capacity and adhesions were not necessary for the process. In addition he showed that 

early motion prevented or disrupted new adhesion formation. The current general 

consensus is that adhesions represent an inflammatory response to the traumatic 

stimulus.

1.10 Methods o f adhesion reduction

Despite recent advances in surgical technique and materials used, digital tendon repair
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is still complicated by adhesion formation in a significant proportion of cases. To date 

attempts to reduce the occurrence of adhesions has involved manipulation of the 

healing response to tendon injury not only at the time of operation, but both pre and 

post operatively as well. Assessment of these different methods has been performed 

both in the in vitro (Packer et al., 1994) and in vivo (Pruzansky, 1987; Rothkopf et al., 

1991; Jaibaji et al., 2000) setting. As with the investigations into tendon healing, the 

animal models for the study of adhesions and their reduction are as many and varied as 

listed in section 1.6, which makes objective comparisons between different modalities 

difficult.

1.10.1 Pre-operative methods o f adhesion reduction

The administration of systemic drug therapies as a method of tendon adhesion 

reduction both pre and postoperatively, has been tried for over 50 years with varying 

degrees of reported success. Steroids administered both systemically and by local 

injection have been shown to diminish adhesion formation in animal studies. Carstam 

(1953), examined the role of parenteral cortisone in the reduction of post-surgical 

adhesions in the extensor hallucis longus tendon of 341 rabbits. From his work, he 

suggested that if started several days prior to surgery and continued postoperatively, 

cortisone therapy resulted in the suppression of adhesion formation, as measured by 

tensiometer pulls. This was in contrast to those rabbits that commenced parenteral 

steroid therapy three weeks after repair. Groups who did not receive treatment or 

received a local application of cortisone at the time of repair did not result in 

appreciable effect on subsequent adhesion formation. In spite of these findings pre-and 

postoperative parenteral steroid courses have not become standard procedure due to 

the associated increased rupture and infection rates (Douglas et al., 1967). Peacock and 

Madden (1969) later examined the role of Beta-aminoproprionitrile, a lathyogenic 

compound and showed it to be successful in treating peritendinous adhesions. The 

enthusiasm for the treatment was tempered by the finding that the compound produced 

side effects such as hepatotoxicity, fever and dermatitis after 20 days of 

administration. With the realisation that adhesions represented an inflammatory 

process, attention was turned to the investigation of non-steroidal anti-inflammatory 

agents (NSAIDS). Bateman et al., (1982) showed that a parenteral administration of
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ibuprofen reduced intra-abdominal adhesion formation in a rabbit animal model. With 

this in mind, Kulick et a l,  (1984) injected a topical application of ibuprofen at the 

time of tendon repair with over 50% reduction in adhesion formation. A further study 

by the same group showed the significant benefits of oral ibuprofen in the reduction of 

tendon adhesion formation in a primate model (Kulick et al., 1986).

1.10.2 Intra-operative methods o f adhesion reduction

In parallel with the preoperative methods of adhesion reduction, research was being 

performed into strategies aimed at reducing adhesions at the time of surgical repair. 

These included different techniques of tenorraphy, different suture materials, barrier 

methods around the repair site and the application of chemical substances around the 

repair site.

In response to observations that mobilisation reduced adhesion formation by 

researchers such as Matthews and Richards (1976), attention was focused on the 

method of tendon repair. During the immediate postoperative period the entire strength 

of the repair has been shown to be dependent on both the suture material and its 

method of insertion (Ketchum, 1985). The aim has therefore been to provide a repair 

that was strong enough to mobilise without rupture, but that produced the least amount 

of disruption to the healing ends so as to minimise the interference with tendon 

neovascularisation. It should also be easy to perform and prevent gap formation or 

bunching between the ends. The majority of suture methods have two components, a 

core suture (figure 1.7) and an outer epitendinous suture (figure 1.8). The latter, once 

thought to be purely cosmetic, has been shown to impart some strength and resists 

repair site gap formation. (Bhatia et at., 1992) found the addition of a 6/0 epitendinous 

nylon suture increased the strength of the repair by 80% when compared to a core 

Kessler suture alone. The site of placement of the peripheral suture has also been 

shown to effect the strength of repair and prevent gap formation. Mashadi and Amis 

(1992) found that if the peripheral suture included tendon fibres, it was 83% stronger 

than the traditional purely epitendinous suture. Even the tissue glue Histacryl has been 

used instead of epitendinous suture, and has been shown to improve strength compared 

with a core suture alone (Trail et al., 1992a). The mechanical strengths of five
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techniques of tendon repair have been evaluated using human cadaver tendons. A 

modified Kessler repair with a peripheral circumferential suture and the method of 

Becker were found to require the greatest load to produce gapping, but the Becker and 

Savage repairs withstood the highest load before failure (Trail et a l,  1992b). Several 

authors have focused on the refinement of suturing methods (Bhatia et al., 1992; Pruitt 

et al., 1996; Savage and Risitano, 1989; Silva et al., 1998; Urbaniak, 1975) and 

compared different techniques of tendon repair. However it is difficult to compare new 

techniques investigated in different trials because the animal models, methods of 

strength testing and surgical skill vary greatly. There is however a general consensus 

of opinion, that most two strand methods are comparable. It has also been shown that 

the greater number of times the suture crosses over the repair site, the stronger it is. 

Trail et al., (1992b) studied the mechanical strengths of five techniques of tendon 

using human cadaver tendons. A modified Kessler repair with a peripheral 

circumferential suture and the Becker method of repair were found to require the 

greatest load to produce gapping, but the Becker and Savage repairs withstood the 

highest load before failure. In fact, the Savage six-strand method has been shown to 

be at least three times the strength of the most popular two-strand Modified Kessler 

method (Savage, 1985). Additional studies have corroborated these findings (Thurman 

et a i,  1998; Wagner et al., 1994). This technique has been shown to tolerate the 

additional stresses of early active mobilisation (Sanders et al., 1997). It has been 

argued that the increase of suture material at the site of repair with the multiple 

stranded techniques had a deleterious effect on repair. Pruitt et al., (1996) however 

concluded that internal knots as compared to external ones had no adverse effect and 

may even stimulate tendon healing by acting as a guide for fibroblast migration. The 

type of suture material used has improved in recent years. The ideal suture should be 

strong, securely knotable, easy to handle, non-reactive and inelastic. The most often 

used materials are either a synthetic braided or monofilament suture such as Ticron™ 

or prolene respectively. The latter has the advantage of ease of use, however the 

former results in less gap formation at the repair site. The suture material is now even 

being used as an experimental tool to deliver pertinent growth factors to the injury site 

(Rohrich et a l,  1999). When a repaired tendon ruptures, it is usually at the repair site. 

Several authors to this end have tried a number of synthetic material analogues with a
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Figure 1.7 Tendon Core Sutures. TWO STRAND: a Modified Kessler suture with 
single knot at repair site; b Tajima modification of Kessler suture with double knots 
at repair site; c Becker bevelled repair. FOUR STRAND: d Lateral trap (Ketchum); e 
Four-strand interlock stitch (Robertson and Al-Quattan); f Double-loop locking 
suture (Lee); SIX STRAND: g Six-strand repair (Savage). (Adapted from Strickland, 
1995).
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Figure 1.8 Tendon Periphery Sutures a Simple over and over, b Running-locking 
loop suture (Lin), c Halsted continuous horizontal-mattress suture (Wade), d 
Continuous horizontal-mattress intrafiber suture (Mashadi and Amis), e Cross-stitch 
(SilfVerskiold and Andersson). (Adapted from Strickland, 1995).
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degree of success. Aoki et al., (1994) showed the internal Dacron splint had a tensile 

strength of the Savage six-string method, whilst the dorsal Dacron splint had 

significantly lower gap formation than any other repair method tested.

Another important development in adhesion reduction was the recognition of the 

need for meticulous repair of the tendon sheath. Codivilla of Bologna (1889) had first 

documented this at the end of the nineteenth century (Adamson and Wilson, 1961), 

however the research of Mason (1940), reported that excision of the sheath around 

the repair site prevented interference with neovascularisation. This was eventually 

refuted with the experiments performed by Matthews and Richards (1976) and 

crystallised by Lister (1985). In addition the interposition of a sliver of sheath 

between the deep and superficial tendons has been investigated (Farkas, 1978). In 

fact such importance has been placed on sheath presence, that its reconstruction has 

been encouraged in situations where primary closure is not possible. Autologous 

options have included veins (Forgon and Biro, 1978; Strauch et a l ,  1985), synovial 

bursae, sheaths from toes and even neighbouring digits (Eiken and Rank, 1977; 

Lister, 1985). Synthetic options have included cellulose tubes (Ashley et al., 1959), 

silastic (Ashley et al., 1964), Sterispon wrapping (Austin and Walker, 1979; Hanff 

and Hagberg, 1998). These inter-positions whether used to recreate a defective sheath 

or placed between an intact sheath and the repair site have all been reported as 

physical barriers that help to prevent adhesion formation.

Chemical application to the repair site at the time of surgery has also received much 

attention. The aim is to reduce the 'scarring' of the healing tendon wound. A wide 

range of experimental substances have been tried. They include topical ibuprofen 

(Kulick et al., 1984), dextran 70 (Green et al., 1986), sodium hyaluronate (Hagberg, 

1992; Salti et al., 1993; Weiss et al., 1986), aprotinin (Komurcu et al., 1997), 5- 

Fluorouracil (Moran et al., 2000), TGF-pl (Chang et al., 2000), and fibrin sealant 

(Frykman et al., 1993), again with differing results. Fibrin sealant has been used for 

almost a century. It is now regularly used as a surgical adjunct for haemostasis within 

hepatic and cardiothoracic surgery (Chisholm et al., 1989; Holcomb et a l ,  1999; 

Matthew et al., 1990). In addition it has been shown to confer greater reparative
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strength in the Achilles tendon (Lusardi and Cain, 1994; Schlag and Redl, 1988). 

Several forms of sealant have also been shown to be beneficial in the reduction of 

post-surgical adhesions following peritoneal and uterine horn surgery (Evrard et a l,  

1996; Takeuchi et a i,  1997). With this in mind, the first assessment of its role in the 

reduction of post-surgical adhesions in digital tendons was performed by Frykman et 

al (1993). Using the rabbit forepaw tendons as a model, they concluded that in 

mobile tendons the repair healed with fewer adhesions, was smoother and possessed 

a greater cellular organisation than those that were mobilised but did not receive 

topical sealant. Application in immobilised repairs did not confer such benefit 

(Frykman et aL, 1993). The majority of sealants are synthetic or derived from pooled 

human plasma. There is therefore a risk of foreign body reactions, or the transmission 

of blood born pathogens.

The Vivostat® System fibrin sealant examined in this study is made from human 

whole blood. A tendon injury model in the rabbit forepaw was chosen.

1.10.3 Postoperative methods o f adhesion reduction

As early as 1912, the importance of mobilisation post surgery was documented. 

Lexor documented the benefits of mobilising the repair from the sixth day following 

repair (Ademson, 1961). Included in his guidelines for postoperative care, Leo 

(Mayer, 1916a) concluded that early motion should be instituted at the right time 

with graded exercises being performed within protective splints. This concept of 

movement post-repair was challenged by Potenza (1962, 1963), who believed that a 

period of postoperative immobilisation was required to allow adhesion build-up, 

which he felt was necessary to effect tendon healing. This once gold standard 

treatment is now only accepted as postoperative treatment for very young or 

uncooperative children. The turning point that led to the realisation that post 

operative mobility held the key to better results came from the observations of 

Kleinert et a l ,  (1972). They had 87% of cases that were either good or excellent 

when mobilised with controlled passive motion. A later study with the same 

mobilisation program and modified splint found that in fingers with zone II tendon 

injury 76.1% had excellent and 23.9% had good total active motion; none had fair or
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poor results or ruptures (Werntz et. al., 1989). The Kleinert regime employed a 

rubber band fixed to the nail of the affected digit, which is then attached to the flexor 

aspect of the forearm allowing active extension but passive flexion. In 1975, Duran 

and Houser, (1975) developed a passive extension, passive flexion regime of 

postoperative movement claiming that 3-5 mm of tendon repair movement was all 

that was required to prevent adhesion build-up. The excellent results obtained with 

the Kleinert regime at Louisville were unfortunately not obtained in the hands of 

other units (Gault, 1987; Singer and Maloon, 1988). This may have been due to the 

limited experience of the surgeon, compliance of the patient, or lack of close 

supervision by hand therapists. Around the same time experimental evidence was 

emerging that motion actually stimulated tendon repair (Gelberman et aL, 1983). 

Hitchcock et al., (1987) showed that active mobilisation not only increased the 

tensile strength of a repair but also reduced adhesion formation as well. During the 

last 50 years there have been several small reports documenting the use of active 

regimes without the feared complication of rupture (Becker, 1978; Kessler and 

Nissim, 1969). It was not until the late 1980s that Small reported the results of 

patients that had routine tenorraphy which were systematically mobilised early and 

actively. He achieved 11% of patients with either good or excellent results with a 

rupture rate of 9.4% (Small et aL, 1989). That same year Cullen, in a smaller series, 

reported 64% of cases with either good or excellent results with a rupture rate of 6% 

(Cullen et aL, 1989). Elliot (1994) reported 79% good or excellent results with a 

rupture rate of 6%. In direct comparison, Baktir et aL, (1996) showed slightly better 

results with early active mobilisation as compared to the Kleinert postoperative 

regime.

Tenolysis

Once adhesions have developed, it may be to the detriment of the fingers' mobility. 

After extensive post-operative physiotherapy, if the passive range of digit motion is 

greater than the active range, tenolysis is indicated. This is a salvage procedure and it 

should be remembered that it might not improve the situation, but may make it 

worse. It involves the surgical release of the restrictive adhesions to free the adherent 

tendons.
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2.1 INVESTIGATION OF THE ANATOMICAL STRUCTURE OF THE 

DIGITAL SHEATH AND ITS CONTENTS IN THE RABBIT AND RAT 

ANIMAL MODELS.

2.1.1 The digital sheath and annular pulley anatomy o f the rabbit

A  detailed investigation into the anatomy of the digital sheath in both fore and 

hindpaws was conducted in the rabbit model used in chapters 4 and 7. This was due 

to the inconsistent accounts present in the literature to date. Murex Lop (Murex 

BioTech Ltd, UK) rabbits were obtained from the Northwick Park Institute for 

Medical Research (NPIMR). In order to refine and reduce the number of animals 

culled for this particular study, samples were utilised from those animals involved in 

the adhesion reduction study in chapter 7. The animal husbandry is discussed in 

section 2.5. In total, 41 tendons, 13 fore and 28 hind were obtained from rabbits of 

equal sex distribution, with weights ranging from 2.5 to 4.5 kg.

Dissection procedure

The detailed dissection was performed with the aid of a surgical microscope (Zeiss). 

An initial longitudinal incision was made on the palmar aspect of each digit. This 

was extended into the palm, proximal to the mouth of the A1 pulley and extended 

distally beyond the insertion of the deep flexor tendon. Each incision was 

approximately 50 mm in length. The number of pulleys and their distance in mm 

from the mouth of the A1 pulley were recorded with the digit fully extended (Figure 

2.1). The site of insertion of the single vincular vessel was also documented as a 

distance in mm from the mouth of the A1 pulley. Animal dissections were 

photographed using a Nikon 35mm camera and ring flashlight. A telephoto lens with 

ring spacers was used at right angles to the wound to give an undistorted picture. 

Colour slide film (Kodak Elite Chrome ASAIOO).

2.1.2 The change in cross-sectional shape o f the rabbit deep flexor tendon.

Assessment of the change in shape of the deep flexor tendons to both fore and 

hindpaw were carried out in the rabbit model used in chapters 4 and 7. The samples 

involved in the study of vascular networks in fore and hind tendons of the rabbit
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MCP.I PIPJ DIPJ

A3 A4

Figure 2.1 A dissection of the digital sheath in a hind 3"̂  ̂ digit o f the rabbit. The 
sheath condensations or annular pulleys are labelled A1 - A5, proximal to distal. For 
orientation, the metacarpophalangeal (MCPJ), proximal interphalangeal (PIPJ) and 
distal interphalangeal joints (DIPJ) have been highlighted with red arrowheads.

O

Figure 2.2 Specimen image analysis apparatus: An Axiotop Ziess light microscope 
was linked to a Seescan image package (Seescan Ltd.) via a black and white Sony 
video camera (Model XC-77CE).
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were utilised in this anatomical study. Their harvesting, fixation, embedding cutting 

and staining is detailed in section 2 .2 .

The transverse sections were viewed with a Zeiss light microscope linked via a Sony 

black and white video camera (Model XC-77CE) to a Seescan imaging package 

(Seescan Ltd). This linked apparatus is illustrated in figure 2.2. Prior to image 

capturing, the system was calibrated (with a microscope objective at x20 

magnification) using a graticule. The sections projected onto the screen were then 

carefully drawn around using a dedicated mouse. The resultant cross-sectional shape 

was saved as a tiff image and the area calculated. This was done throughout the 

intrasynovial course of the tendons.

2.1.3 Ultrastructural assessment o f the partial tenotomy injury in the rat model 

An ultrastructural assessment using both scanning and transmission electron 

microscopy was performed to provide a clear picture of the effect of the partial 

tenotomy injury to the tendons of a rat hind digit. Two fresh necropsy Sprague 

Dawley rats specimens weighing 270-300g were obtained from NPIMR, (supplied by 

Harlem, Oxfordshire, UK.). After lethal barbiturate injection, the deep flexor tendons 

of the 2 "̂  and 3̂  ̂ digits to the left hindpaw were exposed and a partial tenotomy 

injury was created in their intrasynovial portion as outlined in section 2.4. For 

comparison, the extensor tendons to the same digits were exposed through a 

longitudinal incision in the metatarsal region of the paw. The same partial tenotomy 

injury was created. All tendons were harvested by a proximal and distal transection 

to the site of injury. Two flexor and two extensor tendons complete with injuries, 

were put to scanning electron microscopic assessment. The same number were put 

forward for transmission electron microscopic assessment.

Scanning electron microscopy (SEM) o f tendon window injury 

Specimens were fixed in 3% glutaraldehyde (Agar Scientific Ltd., Essex, England) in 

O.IM phosphate buffer for 2 hours. After two buffer washes, the secondary fixation 

with 1% osmium tetroxide in O.IM phosphate buffer was carried out for one hour at 

room temperature. The dehydration was accomplished by serial immersion of the 

samples (20 minutes) in 25%, 50%, 75% 95% and 100% ethanol. Specimens were 

then critical point dried and mounted on copper stubs using silver dag (Agar
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Scientific Ltd). They were gold coated in a sputter coater and kept in a vacuum 

dessicator until viewed in a JEOL 1200 EX electron microscope SEM mode. 

Illustrative pictures of the window were taken at increasing magnifications. The 

extensor tendon of the same digit with a window created in the same manner acted as 

a control for the flexor tendon defects.

Transmission Electron Microscopy (TEM) o f tendon window injury 

Similar samples to the above were fixed in the same manner as for SEM mode. The 

specimens were then dehydrated through an increasing acetone series, infiltrated with 

1:1 acetone: araldite CY212 resin overnight in the specimen rotator. After two 

changes of fresh resin (for a minimum of three hours each), samples were embedded 

in araldite CY212 resin and blocks were polymerised at 60 °C for 18 hours. Semi- 

thin (l|im ) sections were cut on a Reichert-Jung Ultracut E ultramicrotome, and 

floated onto distilled water and collected on glass slides. Sections were stained with 

1% toluidine blue in borax in order to select suitable areas for TEM. Ultra-thin 

sections were then cut using a Diatome diamond knife, floated onto distilled water, 

collected on copper grids and stained with 2 % uranyl acetate and lead citrate for 10 

minutes in each solution. The stained sections were viewed on a JEOL 1200EX 

electron microscope. Once again the extensor tendon of the same digit with a 

window created in the same manner acted as a control for the flexor tendon defects.

2.2 INVESTIGATION OF THE VASCULAR NETWORKS IN TENDONS

2.2.1 Isolation o f tissue

The fore and hindpaw digits two, three, four and five were harvested from fresh 

necropsy specimens of New Zealand White rabbits obtained from the NPIMR 

(supplied by Charles River Supplies Ltd.). They were of equal sex distribution and 

weighed between 2.5 and 4.5kg. The animals were culled using a lethal barbiturate 

intravascular injection. Almost 100 assorted tendons were obtained in this way and 

used to refine the procedures for tendon processing and immunohistochemical 

staining. Once refinements to these techniques had been completed, comparative 

analysis between rabbit fore and hindpaw tendon vascularity could be made.
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In order to test this novel methodology, developed during the course of this thesis, 

tendon samples from species other than the rabbit were obtained. A single human 

middle finger flexor digitorum profundus tendon was obtained following traumatic 

amputation, from Mount Vernon Hospital Plastic Surgery Unit. The deep and 

superficial flexors of a horse fore limb were obtained in their entirety from the Royal 

Veterinary College, Potters Bar, Middlesex.

2.2.2 Tissue preparation 

Harvesting

Both rabbit and human tendons were harvested through a longitudinal incision on the 

palmar aspect of the digit. The surgical access extended from a point 1 cm proximal 

to the mouth of the A1 pulley to the distal osseo-tendinous insertion. This allowed 

complete exposure of the digital sheath and its contents. The sheath was then opened 

with a surgical blade (size 15 from Swann Morton Ltd.). The flexor digitorum 

profundus was harvested with a proximal transection between 5 and 10 mm prior to 

the start of the sheath (the extrasynovial portion of the deep flexor) and a distal 

transection at its insertion into the distal phalanx. Prior to removal from the sheath 

each pulley was marked on the palmar aspect of the tendon with a dab of India Ink 

applied with a size 23-gauge needle. After removal the tendons underwent a fixation 

stage. The horse tendons were harvested by an equine veterinary surgeon from a 

fresh equine cadaver. They were immediately cut into manageable lengths prior to 

their immersion in fixative.

Fixation and embedding

To prevent tissue drying and desiccation, all tendons were immediately immersed in 

10% neutral buffered Formal Saline. After 24 hours the tendons were removed and 

cut into consecutive transverse blocks of approximately 3 mm in length allowing 

ease of handling when embedding. At all times the tendon was kept moist with 10% 

neutral buffered Formal Saline. The pieces were chronologically numbered proximal 

to distal and the pieces corresponding to the different annular pulleys noted. Each 

block was additionally marked with India Ink on the proximal and dorsal surface to 

allow for subsequent orientation. Tissue was embedded in paraffin using a Tissue- 

Tek vacuum Infiltration Processor and blocked using a Tissue-Tek III Blockmaster, 

both supplied by Miles Scientific UK set on a 18 hour processing cycle.
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Tissue sectioning

Sectioning of the blocks was undertaken at the RAFT Institute. However tendon 

sectioning was problematical due to the brittle nature of the tissue; larger horse 

tendons being particularly prone to disintegration. In order to produce sections with 

maximal preservation of cyto-architecture a number of trial rabbit tendon specimens 

were prepared. Consistently good results were eventually achieved by cooling the 

block on ice for an hour followed by submersion in cold phenol and Mollifex (Merk, 

Upminster, UK). Subsequent décalcification was performed by submersing in cold 

5% HCl for 30 minutes (Merk, Upminster, UK). Longitudinal and transverse sections 

were then cut at 4-micrometer thickness on a Reichert-Jung Microtome (model 

2030).

Slide Adherence

Due to the brittle nature of tendon material, any excessive handling of the tissue 

including washing, antigen retrieval and staining resulted in the tendons, in part or in 

whole, falling off the slides. A number of combinations of slides (Superfrost and 

Polylysine - Merk, Upminster, UK) and added coatings were tested in an attempt to 

improve tendon adherence (Table 2.2). The best combination proved to be 

commercially bought Poly lysine slides that were dual coated 'in-house' with 4% 

Amino-Propyl-Ethoxy-Silene (APES) solution (Merk, Upminster, UK). The 

specimens were then baked on to the slides for 2 hours at 60°C.

2 .23  Immunohistochemical examination o f tendon 

De-waxing

Before staining, the paraffin embedded sections were pre-warmed in an incubator. 

The sections were immersed in two consecutive xylene baths for 5 minutes to 

remove wax. This was followed by immersion in absolute alcohol, 90% alcohol and 

70% alcohol for 5 minutes each to remove the xylene. The alcohol was removed by 

immersing the slides in distilled water for 5 minutes. The sections were then ready 

for staining.
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Make of Slide Adherence Rating

Superfrost 

Polylysine 

2% APES on Superfrost 

2% APES on Polylysine 

4% APES on Polylysine

+

+

+

Table 2.1 Comparison of adherence characteristic of different slide coatings. 
Adherence was rated on a scale of + (minimal) to +++ (maximal).

Antigen Retrieval Method Adherence Rating

Heat mediated retrieval via pressure-cooking +

Heat mediated retrieval via microwaving +

Enzymatic retrieval via pepsin digestion + - H -

Table 2.2 Effect of antigen retrieval on tissue-slide adherence. Adherence was rated 
on a scale of 1 to 3 denoted by (+). The study was conducted using 4% APES coated 
polylysine slides.
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Antigen Retrieval

Due to the above preparative steps, the antigen of interest was masked. This required 

a process of antigen retrieval. Three different methods of antigen exposure were 

assessed; heat mediated antigen retrieval (HMAR) via pressure-cooking pre

treatment, heat mediated antigen retrieval (HMAR) via microwave pre-treatment and 

enzymatic pre-treatment via pepsin digestion. The effects of the different antigen 

retrieval procedures on tissue adherence to slides were shown in table 2.3. The first 

two proved too destructive to the sections even when placed on the ultra adherent 

duel coated slides, and thus enzymatic digestion only was subsequently used. This 

was performed by immersing slides in a pepsin digest solution (appendix 1) at 37°C. 

for 10 minutes.

Staining procedure

After enzymatic antigen exposure, the slides were washed with Tris Buffered Saline 

(TBS) (appendix 1.2) for 5 minutes and circled with a pap pen (DAKO), to prevent 

leakage of solutions from the area containing the sections. Several different 

antibodies directed towards endothelial antigens were tried. Von Willebrand Factor 

(Sigma, UK) failed to produce delineation within the rabbit tendon. Finally a mouse 

monoclonal anti-human antibody, anti-CD31 (DAKO Ltd, Cambridge, UK) was used 

as the primary antibody (also known as PECAM-1). It showed good species cross

reactivity and was used at a dilution of 1 in 30 with TBS. Due to the paucity of 

endothelial tissue in parts of the tendons studied, it was necessary to amplify the 

staining. The Catalysed Signal Amplification (CSA) System-Peroxidase (DAKO Ltd, 

Cambridge, UK), for mouse primary antibodies was used.

The procedure results in a mouse primary antibody first being detected with a 

bio tiny lated secondary antibody. Next, a streptavidin-biotin-peroxidase complex is 

allowed to bind to the biotinylated secondary antibody via its streptavidin. The 

following step utilises the bound peroxidase to catalyse precipitation onto the 

specimen of a biotinylated phenol resulting in amplification of the number of biotin 

molecules available for binding to the next reagent, streptavidin-peroxidase. Staining 

is completed using diaminobenzidine/hydrogen peroxide as chromogen/substrate 

(Figure 2.3).
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Tissue Preparation Primary Anti-CD31

Tendon

Section Staining
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Image Analysis Light Microscopy

Figure 2.3 The steps involved in the staining protocol for endothelial delineation. 
Tissue preparation is discussed in section 2.2.2. The staining protocol is discussed in 
2.2.3, whilst specimen assessment is detailed in section 2.2.4
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The procedure was carried out in accordance with the manufacturer's instructions: 

Hydrogen peroxide was added to the specimen for 5 minutes. The residuum was then 

tapped off and the slides thoroughly washed in 3 x 5 minute TBS baths each with 

lOpl of Tween. A protein block was added for 5 minutes, at the end of which, the 

excess tapped off and then the primary antibody added without pre-washing the 

slides. The CD-31 was kept on for 15 minutes. Again the slides were washed at the 

end of the incubation period. Subsequent solutions including the kits 'link' antibody, 

the pre-made streptavidin-biotin complex (reagents d + e + f), the kits 'amplification 

reagent' and streptavidin-peroxidase were applied in order for 15 minutes. After 

incubation, the reagents were removed using the above washing protocol. The 

prepared kit substrate-chromogen solution was applied for 8 minutes (made from 

adding 1 tablet (reagent i) to 400 pi of Tris buffer concentrate (reagent j), made up to 

10 ml with distilled water. Immediately prior to addition to the specimen, 40 pi of 

Hydrogen peroxide (reagent k) was added to a 2 ml aliquot of the substrate- 

chromogen solution. The specimens were washed in water for 5 minutes. They were 

then counterstained with Meyer’s haematoxylin for 10-15 seconds, before washing in 

tap water. After staining was completed, the sections were dehydrated by washes in 

70% and then absolute alcohol for 30 seconds. They were then cleared by treating 

with xylene. Sections were mounted in DPX (a mixture of distrene, plasticizer and 

xylene).

A positive and negative control was used for each staining run. In the case of the 

rabbit tissue, rabbit kidney was use as a positive control. The negative control 

corresponded to stained tissue where the incubation with the primary antibody (Step 

3) was omitted. When analysing the vascular pattern in the horse and human tendon 

sections, a section of rabbit tissue was used as a positive control (Figure 2.4).

2.2.4 The assessment and interpretation o f stained specimens 

Light Microscopy

Assessment of the quality of staining of each section was made whilst the substrate- 

chromogen was in situ to prevent under staining and conversely excessive 

background. After counter-staining with Haematoxylin, dehydrating and mounting, 

a further light microscopic assessment was made as to the quality of the final
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Link Antibody

Streptavidin-Biotin-IIPrimary Antibody II Peroxidase ComplexA
Antigen/ \ / \
Biotinylated Tyramied 
+ Hydrogen Peroxide

DAB P r e c i p i u t ^ l  #  # #  # DAB Precipiiale
•H jO j -  -  -  -  -

Streptavidin-
Peroxidase-
Conjugate

d a b  Precipitaie

Precipuaie

Figure 2.4 The biochemical steps involved using the Catalytic Signal Amplification 
Kit (taken from DAKO CSA system catalogue).
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specimens. Only complete cross sections were put forward in order to make sure that 

any potential vascularity was present within the sample.

Image Analysis

The same apparatus was used as detailed in section 2.1.2 (Mr Kaetan Ladhani kindly 

wrote this program). Prior to image capturing, the system was calibrated (with a 

microscope objective at x20 magnification) using a graticule. With the specimen 

centred in the transverse direction on the computer screen the image was captured. 

The stained brown vessels were visualised as discreet areas against a paler 

background by the image system. The program then calculated an array of data 

including an outline image of the tendon cross section (as detailed in section 2 .1.2); 

total tendon cross sectional area; total vessel area per cross section and vessel 

number per tendon cross section. All data was converted to a .xls file on an IBM 

formatted PC for further analysis.

Photography

Photographs of stained sections were obtained for comparison. Detailed results are 

shown in Chapter 4. These were taken with a Yashica 108 Multi Program camera 

with tungsten slide film (Kodak Ektachrome 64T colour reversal film).

2.3 THE INVESTIGATION OF TENDON SURFACE CELL MOTILITY IN 

RESPONSE TO INJURY IN VITRO

2.3.1 Isolation o f tissue

Fresh necropsy tendon specimens were harvested from the fore and hindpaws of 

New Zealand White rabbits obtained from the NPIMR. Prior to tendon harvest the 

paws of freshly culled animals were clipped free of hair, and disinfected with 

chlorhexidine 0.5% in spirit. An intrasynovial portion of flexor digitorum profundus 

tendon between annular pulleys A1 and A3 was harvested via two separated 

transverse incisions per digit through skin, superficial fascia and sheath distally. The 

tendon was pulled free from the proximal wound and placed straight into sterile 

Dulbecco's Phosphate Buffer Solution (PBS) for transportation (Gibco Ltd.). 52 hind 

tendons were harvested in this manner for the in vitro studies. All tissue was
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removed within a sterile Class II laminar airflow hood (Lamin Air HB2448 supplied 

by Heraeus Instruments). The number of tendons used in each sub-study will be 

explained in the relevant section.

2.3.2 Early cellular response to in vitro injury - Heamatoxylin and Eosin Study 

Twenty four tendons from 6 rabbits were used for this study. The tendons from each 

rabbit were randomly assigned to one of 4 time intervals at which point the 

experiment was stopped (0, 3, 5 and 7 days). There were therefore 6 tendons per time 

point. They were isolated in the above manner from the 2"  ̂ and 3*̂  ̂ digits from both 

hindpaws. Each sterile tendon segment was washed in 3 consecutive baths of clean 

sterile PBS. A 2mm punch biopsy hole was made in the middle third of the tendon 

segments creating a window through the tissue. They were then placed into 6 well 

plates with 5ml of liquid culture medium added to each well (details of its contents 

are in appendix 1.3). The plates were placed within a 5% CO2 incubator for either 0, 

3, 5 or 7 days. At the time intervals stated 6 tendons were taken out of culture, placed 

in 10% neutral buffered formal saline (10% NBF) for 24 hours.

Tissue preparation

All 24 injured tendon segments were cut along their longitudinal axis allowing 

visualisation of the window. Their fixation, preparation, embedding and cutting 

followed the same protocol outlined in section 2.2.2. Sections were placed on 

polylysine slides coated with 4% APES solution (section 2.2.2).

Haematoxylin and Eosin (H andE) staining

Sections were dewaxed as outline in section 2.2.3. The slides were treated with 

Mayer’s haematoxylin for 5 minutes, followed by washing in tap water, acid alcohol 

(1% hydrochloric acid in 70% alcohol) and tap water again for 5 minutes. The 

sections were stained in 1% eosin for 3 minutes. After staining was completed, the 

sections were again washed in tap water and dehydrated by treating with serial 

alcohol washes and finally cleared by treating with xylene. The sections were then 

mounted in DPX (a mixture of distrene, plasticizer and xylene). Cells were 

differentially stained; nuclei appearing a dark purple/blue, the cytoplasm-stained 

pink, muscle fibres and elastic fibres stained deep pink and collagen-stained light 

pink.
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The assessment and interpretation o f stained specimens

Assessment of each tendon section was made as detailed in section 2.1.2. With the 

specimen cut centred in the transverse direction on the computer screen, the 

projected view was divided up with the aid of a grid 500 by 500 micrometers. Each 

individual column was 100 micrometers wide by 500 micrometers long. The rows 

were 500 microns wide by 100 micrometers long. Cells were counted in columns 

from the tendon surface to the middle of the core. They were also counted in rows 

from the edge of the cut to the deeper layers. This was done both at the punched out 

injury and at one end, which had been cleanly cut with a scalpel blade (Figure 2.5). 

Comparison could therefore be made between 2 different types of tendon injury. 

Assessment of the potential change in cell number either due to proliferation, 

migration or apoptosis, was done for the different time periods 0, 3, 5 and 7 days. 

The nuclear staining was of sufficient contrast to allow automated counts of cell 

number.

Photography

Photographs of stained sections were taken in the same manner with the same 

equipment as detailed in 2.2.4.

2.3.3 Preliminary in vitro assessment o f surface cell staining with vital dye

Pilot in vitro experiments were conducted as set out below to determine the

suitability of labelling tendon surface fibroblasts with a vital dye in vivo.

Preparation o f the vital dye

Cell Tracker ™ Green (4-chloromethylfluroscein diacetate (CMFDA)) (Cambridge 

Bioscience) was a fluroscein-based dye freely passed through cell membranes but 

once inside the cell underwent a glutathione 5-transferase mediated reaction, 

producing a cell impermeable reaction product. Its absorption wavelength was 

492nm, and emission wavelength 516nm. It gave a strong green fluorescence under 

the FITC filter. Preparation of the vital dye took place in a sterile Class II laminar 

airflow hood (Lamin Air HB2448 supplied by Heraeus Instruments). Cell Tracker ™ 

was supplied as a white solid and diluted in 0.215ml of anhydrous dimethylsulfoxide 

(DMSO)(Gibco Ltd) giving the desired storage concentration of lOmM. This was
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Cut End

Figures 2.5 In vitro cellular response to injuiy, the method of cell counting. The grid 
was placed over the tendon section so that its sides were parallel with the cut surface 
and the surface of the tendon. The columns (1-5) represent cell counts from surface 
to core. Rows (a-e) represent cell counts from the edge of the cut into the tendon.
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divided into 5|il aliquots and stored in Epindorfs wrapped in silver foil at -20°C. For 

working solutions the aliquot was diluted as per manufacturer’s instructions with 

Dulbecco's modified Eagles' medium (DMEM) (Gibco Ltd).

Determination o f optimal concentration and time o f application o f Cell Tracker 

12 blocks of hindpaw segments were harvested as described in section 2.3.1 and 

immediately transported in sterile PBS to the laboratory. Segments were incubated in 

Cell T r a c k e r a t  5p,M (n=3), lOjuiM (n=3), or 15pM (n=3) concentrations for 5, 10 

or 15 minutes at room temperature. Following this, each tendon underwent three 

sequential washes of sterile PBS. They were then placed in individual cryovials, 

snap frozen in liquid nitrogen and then stored at -80°C. Longitudinal and 

cryosections were cut as detailed in section 2.3.4.

Determination o f Cell Tracker half-life for staining tendon surface fibroblasts 

Once the appropriate concentration and time of application for the vital dye was 

determined, assessment of Cell Trackers™ half-life was undertaken. 10 tendons were 

harvested as described in section 2.3.1. The segments were pre-treated with lOpM 

for 5 minutes, then washed three times in sterile PBS to remove excess dye. The 

tendons were then put into 6-welled plates and covered with liquid culture media 

(appendix 1.3), as described in section 2.3.2. Fresh media was substituted on the 3"̂  ̂

day. Assessment for presence of surface fibroblast staining at 0, 1 , 3 , 5  and 7 days 

was performed. At each time point, 2 tendons were placed in individual cryovials, 

snap frozen in liquid nitrogen and then stored at -80°C. Longitudinal cryosections 

were cut as detailed in section 2.3.4.

The surface cell response to in vitro injury after pre staining with Cell Tracker™

The above pilot experiment was repeated step by step, but in addition after the vital 

dye was washed off and an injury was created in the same manner as 2.3.2.

Assessment o f Cell Tracker™ effect on surface cell migration and morphology 

In order to determine if the chosen concentration and time of application of dye 

would allow fibroblast migration a third in vitro pilot experiment was set up. 10 fresh
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rabbit tendon segments were harvested and transported to the laboratory as described 

in section 2.3.1. The tendons were incubated with 10 pM of Tracker dye™ for 5 

minutes then washed as before. In a sterile Class II laminar airflow hood, the tendons 

were individually embedded in 2ml collagen gel at the bottom of each well of a 6- 

welled plate. The collagen gel was made just prior to use. In the sterile laminar 

airflow hood, 0.125ml of DMEM was added to 2mls of Rat-tail collagen. 5% NaOH 

was then added drop by drop until the universal indicator contained in the solution 

went from yellow to pink. From this point gel solidification took approximately 60 

seconds. Tendon embedding was done at 45 seconds so that the tendon was 

suspended within the gel itself. Liquid culture media (appendix 1.3) was added to 

cover the collagen gel and change for fresh media on the 3"̂  ̂ day. The plate was then 

incubated in the 5% CO2 Incubator. Each day assessment of fibroblast migration and 

morphology were made within the collagen gel adjacent to the tendon segment. This 

was performed using a phase contrast Nikon microscope with x 40 and x 100 

objectives. The fibroblasts were also examined under fluorescent light to look for 

Cell Tracker™ content.

2.3.4 The assessment o f Cell Tracker stained tissue 

Cryosectioning o f tendon segments

The cryo-vials were placed in the cryostat chamber (Bright Instrument Company 

Ltd) for 20 minutes prior to sectioning to equilibrate the sample to the correct 

temperature of between -36 and -40°C. (Bright Instrument Company Ltd). The 

individual tendon block with a punch injury in the middle was embedded 'end-on' 

onto the metal block with Cryo-M bed® (Bright Instrument Company Ltd). A further 

10-minute period of acclimatisation was allowed. The tendon sections were then cut 

at 10pm thickness and placed onto Polylysine coated slides. After 30 minutes air- 

drying time in a darkened container, the slides were coated in Vectashield (Vector) 

and a cover-slip applied. They were then placed in slide trays wrapped in silver foil 

and stored at -80°C until fluorescent microscopic assessment.

Fluorescent microscopy

Visualisation of Tracker Dye labelled surface fibroblasts at different times and 

concentrations was done using Ziess Axioscop microscope with a fluorescent FITC
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filter. The images were viewed in total darkness to prevent quenching of the Cell 

Tracker™. Assessment as to the presence or absence of dye at different time points 

was made. The distribution of the dye in relation to the core and surface of the 

segments was also recorded.

Photography

Photographs of stained sections were taken in the same manner with the same 

equipment as detailed in 2.2.4.

2.4 THE INVESTIGATION OF TENDON SURFACE CELL MOTILITY IN 

RESPONSE TO INJURY IN VIVO

2.4.1 Isolation o f tissue

A  rat rather than a rabbit model was used to assess cell motility in vivo. This was for 

2 reasons; a rat model for extensor tendon window injuries had been described 

previously (Matthew et aL, 1987) and the ready availability of primary antibodies for 

immunohistochemical studies. We adapted the model for use in the flexor tendons of 

the rat. Male Sprague Dawley rats (bred in house) with weighing 270-300 g were 

obtained from the Biological Services Department, University College, London. 

They were housed in single racked units with sawdust bedding. A period of 72 hours 

was allowed for acclimatisation during which time they were fed and watered on 

demand. Regular assessment of the animals' general condition and surgical wound 

were carried out in accordance with the U.K. Home Office Guide for the Care and 

Use of Laboratory Animals 1996.

A number of pilot studies were carried out to assess the role of Vital Dyes in the 

assessment of surface fibroblast migration in response to a surgical window injury. 

The initial in vivo work was performed with Cell Tracker™ vital dye. However, it 

became apparent that this dye was only retained in cells for a maximum of 48 hours 

and therefore an alternative vital dye Dil (l,l'-dioctadecyl-3,3,3',3'- 

tetramethylindocarbocyanine percolate ) was employed for the duration of the in vivo 

study. This was a lipophilic long-chain dialkylcarbocyanine tracer. It was highly 

fluorescent and photo-stable when incorporated into and retained by membranes. A
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degree of lateral plasma membrane diffusion enabled entire cell staining. Its 

absorption and emission wavelengths were 549nm and 565nm respectively. It gave a 

strong red fluorescence when visualised under the TRITC filter. Dil was used at a 

concentration of lOpiM (diluted with 0.9% sodium chloride) for use in vivo.

2.4.2 Operative procedure

Induction of general anaesthesia was performed by delivering a gaseous mixture to 

Perspex box housing the animal. This mixture consisted of Halothane (Zeneca 5 

1/min), cylinder oxygen (1 1/min) and nitrous oxide (1 1/min) obtained from BOC. 

The general anaesthesia was maintained using a reduced concentration of halothane 

(between 1.5 and 2 1/min). The oxygen and nitrous oxide delivery rate remained the 

same. This was effected through a facemask fitted with a scavenger system. Under 

anaesthesia a rubber tourniquet was applied to the left hindpaw of the rat. The foot 

was then disinfected using chlorhexidine 0.5% in spirit. The surgery was conducted 

with the aid of a surgical dissecting microscope (Zeiss with variable x2-10 zoom 

magnification) and microsurgical operating instruments. The plantar skin was opened 

through two longitudinal incisions in line with digits two and four (Figure 2.6a). The 

dissection continued through the superficial fascia to expose the FDS tendon in its 

extrasynovial portion. The larger rounder FDP tendon was gently separated from the 

superficial structures and the FDS tendon in the palm, prior to its entry to the digital 

sheath. In this region it was noted that the deep tendon had bilateral connective tissue 

connections. These were severed to allow extraction of the intrasynovial portion of 

the tendon into the wound. Once the FDP tendon was exposed, great care was taken 

to prevent desiccation of the tissue with frequent irrigation using 0.9% Normal Saline 

(Steripak Ltd.). Once the deep tendon was free from surrounding tissue, gentle 

traction was applied with the aid of a human skin hook (Figure 2.6b). This flexed the 

digit concerned delivering part of the intrasynovial region of the tendon into the 

plantar wound. A sliver of cotton wool (Vernon-Carus Ltd.) was rolled into a 

longitudinal bolster and dipped into the test substance (Cell Tracker™, Dil and a 

surgical control of 0.9% normal saline). This was then wrapped around the exposed 

intrasynovial portion of the deep flexor in a corkscrew fashion, making sure that this 

entire portion of tendon surface was in contact with the soaked cotton wool (Figure 

2.6c). The bolster was left in place for 5 minutes, with the microscope light turned 

off to prevent drying, and the wound covered to prevent dye decay. The cotton wool
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Figure 2.6 The creation of a partial tenotomy after surface cell labelling in a hind 
flexor tendon of a rat. a: Through a longitudinal incision the intrasynovial portion of 
FDP was exposed (b). Surface cell staining with Dil was performed using a test 
substance-soaked cotton wool bolster (c). Thorough irrigation followed (d). Creation 
of the injury (e-f) was followed by its return to the sheath (g). The incision was then 
closed (h).

76



Chapter 2

was subsequently moistened with the test substance at 1.5 and 3 minutes into the 

application (Figure 2.6d). After five minutes it was removed and the area thoroughly 

washed with 2ml of 0.9% normal saline. The wash was repeated a further two times 

to remove any un-incorporated dye from the surface of the tendon and surrounding 

tissue. Excess wash was removed with sterile gauze swabs (Topper 8 : Johnson & 

Johnson).

A surgical window was then created in the intrasynovial portion of the exposed deep 

tendon. This was made with a size 11 surgical blade. Two parallel cuts were made in 

the tendon a third of the way in from the side creating a full thickness defect. They 

measured approximately 5 mm in length. The window was completed by cutting the 

middle third strip, proximal and distal with a pair of micro scissors (Figure 2.6e and 

f). The proximal extent of the window was marked with a single 8/0 prolene suture 

and the tendon allowed to return to its anatomical position with the window now 

within the intrasynovial environment (Figure 2.6g) At no time was the integrity of 

the synovial sheath breached. Skin closure was effected with interrupted 8/0 

Prolene® sutures (Bthicon Ltd.) (Figure 2.6h). The skin of the palm was dressed with 

Opsite spray and the tourniquet released. The lack of surgical dressings prevented 

them from picking at their wounds. Digits two and three of the left hindpaw were 

operated on in this fashion. The right hindpaw second and third digits acted as 

unoperated controls. The anaesthetic recovery was expedited with the cessation of 

halothane and nitrous oxide inhalation. The rat was nursed in a heated propagator 

unit until fully recovered and then transferred back to its single cage. Food and water 

were administered ad-libitum. Mobilisation was not hindered in anyway.

The numbers of rats used depended on the test substance used. With Dil, 15 rats (30 

tendons) were required; six tendons per time point. In the case of 0.9% normal saline 

12 rats (24 tendons) were used; four tendons per time point. Lastly with Cell 

Tracker™, five rats (10 tendons) were used; two tendons per time point. The 

numbers of tendons stained with Cell Tracker™ were lower than with Dil since 

preliminary studies noted that Cell tracker™ was not visible after the 24-hour time 

point. The tendons were harvested at 0, 1 ,3 ,5  and 7 days following surgery.
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2.4.3 Tissue harvesting and preparation

The rats were culled in a gas chamber using carbon dioxide gas at 10 litres/min. The 

second and third hind digits were removed at the mid-metatarsal point (Figure 2.7a) 

and the entire digit was snap frozen within a cryo-vial in liquid nitrogen. The reason 

for taking the entire digit was to keep the deep flexor in extension. The surrounding 

architecture was also preserved. The specimens were stored at -80°C  until analysis. 

The digit had the proximal part and the claw removed so that the mid-section 

contained the surgical window (Figure 2.7a). The frozen tissue specimens were then 

prepared as previously described (section 2.3.4). The frozen tendon block was then 

placed on the frozen chuck in a longitudinal manner (Figure 2.7b) with tissue 

supported in Cryo-M-bed® gel embedding compound (Figure 2.7 c). A tungsten 

blade was used to produce cryosections of 10pm thickness. The sections were 

mounted on slides as described in section 2.3.4. The vital dye stained sections were 

stored at -80°C. Those cryosections of the tendons that were only bathed in 0.9% 

Normal Saline were stained with H and E. The slides were fixed for 1 minute in 

methanol followed by a 2 minute wash in tap water. The slides were then immersed 

for 1 minute in Harris's Haematoxylin followed by washing in tap water, acid alcohol 

for 3 seconds (1% hydrochloric acid in 70% alcohol) and tap water again for 2 

minutes. The sections were then stained in 1% eosin for 1 second only. After staining 

was completed, the sections were again washed in tap water. Dehydration and 

mounting was performed as detailed in section 2.3.2. Confirmation that the vital dyes 

were taken up by the surface fibroblasts was sought. With Cell Tracker™, the test 

specimen was first photographed under the FITC filter on the microscope. The same 

specimen was then stained with propidium iodide (1 in 40 PBS) for 5 minutes. This 

nuclear stain of dead cells highlighted the distribution of all cells within the tendon 

cross section. When Dil was used the surface layers were photographed under the 

TRITC filter showing the distribution of the dye. The same specimen was then fixed 

in methanol for 2 minutes and stained with Harris's Haematoxylin for 45 seconds.

2.4.4 The assessment o f vital dye and H  and E-stained tissue 

Microscopy
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a

Figure 2.7 The preparation of tissue for cryosectioning. The entire digit was 
removed in order to keep the tendon splinted in extension. The mid section 
containing the tendon partial tenotomy was isolated (a) and placed on the chuck in a 
longitudinal orientation (b). It was supported with Cryo-M-Bed (c).
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Tendons stained with vital dyes were assessed using the same apparatus as described 

in section 2.3.4. Tracker Dye™ was viewed with a FITC filter, stained cells shown 

up green, whilst Dil stained cells showed up red under the TRITC filter. H and E 

sections were assessed on the same microscope without the fluorescent filters.

Image Analysis

Stained cell counts were recorded in the following manner for Dil and H and E 

stained sections. Analysis was performed using the same apparatus as described in 

2.1.2. To achieve a high level of consistency, the specimens were always placed in 

the same position on the screen: the tendon was orientated in a transverse manner 

with the cut running down the screen. The top of the cut was placed on a point 

permanently marked on the computer screen. We assumed that the method of making 

the injury with the 11 blade resulted in two different injuries depending on which 

side of the tendon (superficial or deep) was analysed. The superficial side had a cut 

into the substance whereas the deep surface had a cut out of the core to the surface 

layers. For this reason the same surface (superficial) was always analysed. This 

surface was easy to determine as it was in approximation to the more superficial FDS 

tendon. The vital dyed surface-derived fibroblasts were counted using a 400- 

micrometer grid placed over the transverse tendon section. Columns of cell numbers 

were counted in order to obtain a numerical picture of cell migration across the 

transverse section (Figure 2.8a). Rows of cell numbers were counted down the 

transverse section with the cut at the centre of the grid, giving a count from 

superficial to deep (Figure 2.8b). This was performed for all tendons at 0, 1 , 3 , 5  and 

7 days. The H and E sections were assessed in exactly the same way in order to 

obtain an average cell count for the different time points.

Photography

Samples were photographed at different objective magnifications as described in 

section 2.2.4, then made into montages as a photographic record using Adobe 

Photoshop 5.5.
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a

b

Figure 2.8 A tendon cross section with partial tenotomy showing the area of cell 
counting. Cell counts across the cut were performed in columns (a). Cell counts from 
superficial to deep were performed in rows (b).
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2.4.5 Preliminary studies to elucidate the mechanisms involved in tendon repair, 

a) Apoptosis and Proliferation in response to tendon injury

Rat tendons (n = 15) were isolated and a surgical window created as described in 

section 2.4.2. The tendons were subsequently replaced in their correct anatomical 

position and the skin closed as before. Tendons (n=3) were removed after 0, 1, 3, 5 

and 7 days following culling of the animal, and placed immediately in Dulbecco's 

Hanks balanced salts solution (Gibco Ltd.) to prevent desiccation. Specimens were 

then transported to the Royal Free Hospital for subsequent manipulation. The tissue 

was snap frozen onto a gelatine layer supported on a cork disk. The tissue was 

supported between two 21 gauge needles in a longitudinal axis whilst Cryo-M-bed® 

gel was applied. The whole ensemble was lowered into a pre-cooled pot of 

isopropanol. This freezes the tissue in a more controlled manner limiting freeze 

fracture and subsequent ultrastructural damage. The frozen block was then stored in 

liquid nitrogen for later use. Cryosections were cut (10p,m) and placed on dual coated 

polylysine and 4% APES coated slides. They were then stored at 20 °C until use.

Immunohistochemical protocol for P2X 5 and P2X 7 Purinergic receptor localisation 

The sections to be stained were taken from -20 °C storage and allowed to equilibrate 

to room temperature for 10 minutes. The skin in the composite tissue sections acted 

as inherent controls for the staining procedure. All subsequent steps were performed 

at room temperature. The slides were then fixed in 4% formaldehyde and 0.03% 

picric acid (Analar, BDH, UK and Sigma, Poole, UK) for 2 minutes prior to three 5- 

minute washes in PBS. Next the specimens were incubated in Methanol and 

hydrogen peroxide (Sigma, Poole, UK) for 10 minutes at room temperature to block 

endogenous peroxidase activity. The slides were then washed three times (2 minutes 

per wash) and incubated for 20 minutes in 10% normal horse serum in PBS 

containing 0.05% merthiolate (Sigma, Poole, UK). Rabbit monoclonal anti-rat P2X5 

and P2X7 antibodies were kindly donated by Professor Burnstock, head of the 

Autonomic Neuroscience Institute, The Royal Free Hospital, London, developed and 

tested in conjunction with Roche Industries. The antibodies identify receptors in the 

purinergic nervous system associated with apoptosis and proliferation. The primary
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antibody was then applied to the specimens without further washing cycles at a 

dilution of 1 in 100 with 10% normal horse serum in PBS containing 0.05% 

merthiolate and incubated overnight at room temperature. The antibody was removed 

with 3 serial washes in PBS for 5 minutes each. Sections were incubated at room 

temperature for 30 minutes with biotinylated donkey anti-rabbit immunoglobulin 

(Jackson) diluted in 1% normal horse serum in PBS containing 0.05% merthiolate. 

Excess antibody was removed by 3 serial 5-minute washes in PBS. The section was 

then incubated in ExtrAvidin-horseradish peroxidase (diluted 1:1000 in PBS- 

merthiolate) for 30 minutes. Again 3 serial 5-minute PBS washes followed. In order 

to visualise the antibody-antigen complex a Nickel intensified Diaminobenzidine 

(DAB) reaction was performed. The reaction buffer was made up as shown in 

appendix 1.4. This was left on the slides for 7 minutes. The DAB reaction mix was 

then shaken off and the reaction stopped by slide immersion in PBS. They were then 

washed for 5 minutes in PBS, then distilled water. Subsequent dehydration in Iso

propanol and air-drying produced a sample ready for mounting with Eukitt. Negative 

controls consisted of the omission of primary antibody application. Positive controls 

consisted of the skin layers associated with the tendon section; the basal layers 

showing proliferation ( P 2 X 5 )  and the superficial keratinized layers undergoing 

apoptosis ( P 2 X 7 ) .

b: Inflammatory cell response to surgical injury

The tissue used and the way it was prepared was exactly the same as for the 

preliminary studies on apoptosis and proliferation above (section 2.4.5a).

Immunohistochemical protocol for inflammatory cell localisation 

In order to assess the leucocyte content of the cellular infiltrate in the partial 

tenotomy at any given time point, we stained 3 tendon window specimens for each 

time point with a pan-leucocyte marker - monoclonal mouse anti-rat CD45 (Sigma). 

The specimen slides were removed from -80°C storage. A positive and negative rat 

buffy coat slide was always included. After room temperature equilibration for 20 

minutes, the slides were fixed for 2 minutes in 4% methanol and then washed in tap 

water. This was followed by a 5-minute wash in TBS and Tween. The next step was 

to incubate the tissue with a 20% acetic acid block for 30 minutes. This was washed 

off as before and the Avidin (Vector) block applied for 15 minutes. After its removal
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the slides were again washed in TBS and Tween for 5 minutes. The Biotin (Vector) 

block was then added for 15 minutes. Without further washing this was flicked off, 

and the slides were incubated for 1 hour with the primary CD-45 antibody diluted in 

TBS to 1 in 50. After 15 minutes washing, the multispecies secondary antibody 

(horse anti-mouse/rat/goat (Vector)) was added for 30 minutes. It was made up as per 

manufacturer instructions (5 drops in 5mls of PBS). After a further 15-minute wash, 

StrepAvidin peroxidase (SAP) (Vector) was added at 1 in 100 dilution for 30 

minutes. A further 15 minute wash, preceded incubation with the Vector red 

substrate (SAP) for 15 minutes. The chromagen was washed off in tap water, and the 

slides lightly counter-stained for 15 seconds in Heamatoxylin. The slides were then 

dehydrated, cleared and coverslip mounted as described in section 2.2.3.

2.4.6 The assessment o f P2X 5 and P 2X 7 Purinergic receptor and inflammatory cell

localisation

Microscopy

Assessment of staining quality was done with the use of a Ziess Axiotop microscope 

within the Histology Department at RAPT. Purinergic receptor positivity was 

assessed using the FITC filter. Positive staining for P2X5 and P2X7 showed up as 

bright fluorescent green. Inflammatory cells were assessed using light microscopy. 

Positive cells were shown up as a halo of deep pink/red around a haematoxylin 

purple-stained nucleus. The distribution of positive staining was recorded in relation 

to the partial tenotomy in the tendon with time.

Photography

Samples were photographed at different objective magnifications as described in 

section 2.2.4.

2.5 INVESTIGATION INTO THE EFFICACY OF A NOVEL STRATEGY TO 

REDUCE ADHESION FORMATION IN VIVO

Post operative adhesion formation still remains a very real problem in flexor tendon 

surgery today. Improvements in outcome are likely only to arise from a multifactorial
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approach to this problem. We therefore completed the work by assessing the 

potential role of a novel fibrin sealant in the reduction of postoperative adhesions 

when applied at the time of repair.

2.5.1 The animal model

Murex Lop rabbits of equal sex distribution with a weight between 2.5 and 4.5 kg 

were purchased from Murex BioTech Ltd. (Dartford, Kent). They were housed and 

maintained in single racked units with aluminium floors at the NPIMR. An 

acclimatisation period of a week was observed prior to the start of the study. The 

animals were fed on standard rabbit pellets (Lillico UK) and given additional hay 

and straw once a week. Both food and water were delivered as required. Regular 

assessment of the animals' general condition and surgical wound were carried out 

in accordance with the U.K. Home Office Guide for the Care and Use of 

Laboratory Animals 1996. It was estimated from a pilot study that at least 12 

animals per treatment group would be required to detect a 50% increase in 

tensiometer-measured force for tendons in operated untreated compared with 

fibrin sealant treated groups, with 80% power. This sample size estimation 

accounted for an expected 95% adhesion incidence in operated untreated groups.

48 animals with equal sex distribution were therefore used in the study. They were 

randomly allocated to either operated treated and operated non-treated groups. 

Each group had the same number of males and females. The 48 animals were in 

addition, randomly assigned to one of two outcome assessment methods, histology 

or tensiometer pulls (Table 2.3). The unoperated right forepaw acted as the 

unoperated control in each case.

2.5.2 Experimental procedure

Prior to the start of the procedure the left front paws' flexor aspect was shaved with 

hair clippers. Induction of anaesthesia was by Hypnorm (Janseen Copenhagen, 

Denmark, 0.2ml/kg, IM) followed by Diazepam (Phoenix, 0.5ml/kg, IV). 

Maintenance was via an anaesthetic mask, which delivered Halothane (Zeneca) and 

oxygen. The condition of the anaesthetised animals was continuously monitored
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Order Animal

No.

Group Analysis Order Animal

No.

Group Analysis

1

3

5

7

9

11

13

15

17

19

21

23

25

27

29

31

33

35

37

39

41

43

45

47

CTl l

CT13

CT16

CT3

CTl

CT6

CT2

CT15

CT4

CT14

CT24

CT39

CT27

CT36

CT30

CT47

CT35

CT21

CT29

CT23

CT33

CT31

CT42

CT28

MALE 

Treated 

+ Control 

Treated 

+ Control 

+ Control 

Treated 

Treated 

+ Control 

Treated 

+ Control 

Treated 

+ Control 

+ Control 

Treated 

Treated 

Treated 

+ Control 

Treated 

+ Control 

Treated 

+ Control 

+ Control 

+ Control 

Treated

Tensiometer 2 CT20

Tensiometer 4 CT9

Histology 6 CT5

Tensiometer 8 C T l2

Histology 10 CT7

Histology 12 CTl 8

Histology 14 CT8

Histology 16 CT17

Tensiometer 18 CTIO

Histology 20 CT19

Tensiometer 22 CT44

Histology 24 CT26

Tensiometer 26 CT37

Histology 28 CT48

Histology 30 CT41

Tensiometer 32 CT32

Histology 34 CT43

Tensiometer 36 CT46

Tensiometer 38 CT45

Histology 40 CT38

Tensiometer 42 CT22

Tensiometer 44 CT34

Histology 46 CT40

Tensiometer 48 CT25

FEMALE 

Treated 

Treated 

+ Control 

+ Control 

Treated 

+ Control 

Treated 

Treated 

4-  Control 

+ Control 

+ Control 

Treated 

Treated 

+ Control 

+ Control 

Treated 

Treated 

Treated 

+ Control 

Treated 

Treated 

+ Control 

+ Control 

+ Control

Tensiometer

Tensiometer

Histology

Tensiometer

Histology

Tensiometer

Histology

Histology

Histology

Tensiometer

Tensiometer

Histology

Tensiometer

Tensiometer

Histology

Tensiometer

Tensiometer

Tensiometer

Histology

Histology

Histology

Tensiometer

Histology

Histology

Table 2.3 The animal randomisation to treatment and assessment groups for the 
investigation into the potential role of Vivostat® on the post operative reduction of 
tendon adhesion formation
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using a pulse and oxygen saturation probe. After the anaesthetic induction the 

operative site was prepared with chlorhexidine in alcohol and iodine in alcohol 

scrubs. The field was isolated with sterile drapes. With the aid of an operating 

microscope the second and fourth digits of the left front paw were longitudinally 

incised over the base of the proximal phalanx. Blunt dissection in the midline 

revealed the digital sheath and its tendinous contents. The sheath was then opened 

between pulleys A2 and A3 (a point corresponding to the middle of the proximal 

phalanx). The long flexor, FDP was exposed at the base of the wound. (Figure 2.9a) 

The FDP tendon of digits two and four then received a standard surgical injury on its' 

palmar aspect with a 15 blade (Swann Mortan Ltd.). The incision measured 5 mm in 

length and exposed the core substance of the tendon (Figure 2.9b). Prior to wound 

closure the FDP wounds of digit two and four were either treated with Vivostat® or 

received no treatment. Application of Viviostat® (between 0.1 - 0.4 mis) was 

through a variable fine jet applicator (Figure 2.10d). The resultant coating was 

allowed to polymerise in air for 3 minutes (Figure 2.9c) and the injured tendon then 

return to the base of the wound. The operated untreated digits also received 3 

minutes air exposure. The description of the Vivostat® System is set out in the 

material section above. All second digits were actively immobilised with the 

additional surgical procedure of proximal deep and superficial tendon transection. 

This was performed through a transverse skin incision just distal to the carpal tunnel. 

Both FDS and FDP digit two were sharply transected in the palm therefore 

immobilising the digit. All skin incisions were closed with subcuticular interrupted 

horizontal mattress sutures (4/0 Vicryl (Ethicon)). The wound was then dressed with 

Cicatrin (Wellcome) antimicrobial powder and sprayed with Opsite (Smith and 

Nephew). No external dressings were applied. Recovery from anaesthesia was 

encouraged with pure oxygen delivery via the facemask. All animals received 

Buprenorphine (0,01-0,05 mg/kg) for postoperative analgesia. After recovery the 

animal was allowed to mobilise as normal in its cage. At 14 days post surgery, the 

animals were culled using a schedule one method.
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a

Figure 2.9 The application of Vivostat ® to a surgical injury of the flexor tendon in 
the forepaw of a rabbit. The FDP tendon was exposed through a longitudinal palmar 
digital incision (a). A 5mm long surgical wound was made in the superficial surface 
to expose deep core (b). The Vivostat® was applied an allowed to polymerise for 3 
minutes forming a cuff of sealant around the defect (c).
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2.5.3 The Vivostat® fibrin sealant system

The Vivostat® System examined in this study was developed by Convatec, Skillman, 

New Jersey. The materials and methodology required for 'onsite' manufacturing of 

Vivostat® - a patient derived fibrin sealant, at NPIMR, were obtained from Convatec 

WHRI, Deeside. The system is fully automated; microprocessor controlled and 

involves three components. It is designed for use in Man and is autologous, requiring 

just 120 ml of the patients' blood 30 minutes prior to its use. This volume was not 

obtainable from rabbit venesection due to their small circulatory volume. The whole 

blood was therefore taken from healthy human volunteers. The Vivostat thus acts as 

a 'xenograft' in the rabbit recipient.

The first component was an automated processor unit (Figure 2.10a). It was non- 

sterile and fully reusable. In to this, a disposable preparation device (Figure 2.10b) 

was inserted in which the biochemical process that changes the whole blood into 

fibrin 1 takes place. The whole blood was drawn up into the preparation device and 

mixed with 17ml of 4% sodium citrate US? to prevent clotting. Subsequent rapid 

cycle centrifugation resulted in approximately 60ml of plasma. This was then reacted 

with biotinylated batroxobin for 10 minutes at 37°C. The biotin-batroxobin catalysed 

the release of fibrinopeptide A only and did not lead to the activation of Factor XIII. 

This resulted in the formation of a fibrin I polymer, which was acid soluble. It was 

isolated by further centrifugation and dissolved in 3.5ml 0.2M sodium acetate buffer 

(pH 4.0). Serum was then drawn off from the solution and avidin, covalently bound 

to agarose was then added. This had the effect of complexing the biotin - batroxobin, 

allowing its filtered separation from the fibrin I component. The latter was then 

decanted and housed in a cartridge. This together with a buffering solution of 0.75M 

carbonate/bicarbonate (pH 10) was loaded into the second component of the system, 

the automated applicator unit (Figure 2.10c). The fibrin I and buffer were delivered 

to the operative site through the third component, a single use fine jet delivery pen 

(Figure 2.10d), in the ratio of 7:1.

In the presence of calcium ions, endogenous prothrombin was converted to 

thrombin, causing fibrinopeptide B to be cleaved from fibrin I leading to fibrin II
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Figure 2.10 The equipment required to manufacture the Vivistat® fibrin sealant. 
120ml of whole human blood were inserted into the disposable preparation device 
(b), which was placed in the automated processor unit (a). After processing the 
resultant solution was transferred to the applicator unit (c) and the fibrin sealant 
delivered to the wound via an automated delivery pen (d).
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formation. The thrombin formed also activated factor XIII, which stabilises the fibrin 

II polymer. This fibrin II polymer was the fibrin sealant. The mixture polymerised 

immediately on application and formed cross-links leading to a tenacious substance 

within three minutes.

2.5.4 Biomechanical assessment o f adhesion development

The tensiometer was manufactured for Convetec by NE Holm A/S, Denmark. Prior 

to use the tensiometer was calibrated using 3 individual weights (1.2, 73 and 133g). 

Data obtained included the pulling distance in mm and the peak gram force at 30 

mm/min. The maximum force for this machine was 350g. The data was recorded in 

the form of a log file on the linked computer. Adhesion development was assessed by 

this method in all operated groups. In addition the animals unoperated right front 

paw (digits two and four) were assessed in the same way so as to provide an 

unoperated control group for comparative analysis. Double blind biomechanical 

assessment was therefore conducted on 5 groups; Group 1 Unoperated controls; 

Group 2 Immobilised (Digit 2) operated and Vivostat® treated; Group 3 Mobilised 

(Digit 4) operated and Vivostat® treated; Group 4 Immobilised (Digit 2) operated 

and no further treatment; Group 5 Mobilised (Digit 4) operated and no further 

treatment. The tensiometer measured the force in grams required to pull the FDP 

tendon from its sheath. The freshly culled animals' front left and right second and 

fourth digit each underwent a dissection. The purpose of this was to transect the FDS 

and FDP proximal and distal to the operative injury site. The proximal dissection 

culminated in transecting the two tendons approximately 15 mm proximal to the 

mouth o f the digital sheath. The distal dissection culminated in the FDP tendon being 

transected between the A3 and A4 pulley making sure that this was proximal to the 

insertion of the vincular vessels. The proximal stump of FDP tendon was then 

transfixed with a silk 2/0-stay suture. With the paw held rigid in a clamp, the silk tie 

was then connected to the tensiometer. The force required to pull the tendon free 

from the sheath was indicative of adhesion build-up.

2.5.5 Histological assessment o f adhesion development 

Tissue harvesting and preparation
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After culling the animals at 14 days with a schedule 1 method, tendon samples were 

harvested from digits 2 and 4. A wedge of tissue, which included the skin, fascia, 

sheath and its tendinous contents, was filleted off the underlying phalanges. This was 

placed onto a piece of plastic mounting board and held out to length with a tacking 

pin at each end put through the skin. These were then fixed in labelled pots with 10% 

neutral buffered formal saline. The tendons were embedded, longitudinally cut as 

described in section 2.2.2 and stained with H and E as described in section 2.3.2. 

Histological assessment was carried out by the author and Dr Paul Sibbons at the 

NPIMR. Each tendon was assessed for extent of the defect at 2 weeks, the extent of 

repair, acute and chronic inflammation, adhesion development and the presence of 

sealant. They were scored as defined by Table 2.4.

2.5.6 Assessment o f the effect o f Vivostat® on neovascularisation at the site o f injury 

Sample slides from all treatment and control groups were prepared as detailed in 

section 2.5.4. They then underwent immunohistochemical staining for endothelial 

cell localisation using the novel method developed and detailed in section 2.2. The 

injured region of each tendon was then compared microscopically to the normal 

patterns of tendon blood supply as defined in Chapter 4.

2.5.7 Photography

Intraoperative photographs of the surgical procedure were taken with an Olympus 

OM-2 camera with Ektachrome film mounted to the operating Zeiss Microscope. 

These were developed by the medical illustration department at Mount Vernon 

Hospital. The positive transparencies were scanned into an IBM formatted computer 

and stored as .tif files. Histological photographs were taken as detailed in section 

2.2.4.

2.6 STATISTICAL ANALYSIS

General statistics

If the data was normally distributed, parametric comparative tests were performed 

and if the data was not normally distributed, non-parametric comparative tests were 

performed.
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Histology Animal
Number Number

Defect
+/- 

i _ ..

Acute
0 - 4

Chronic 
0 - 4  -

Adhesions
0 - 4

■■■

Repair
0 - 4

Surface
0 - 4

Sealant
+/-

p w 0 0 , 0 0 (+)
% Present Absent Absent Absent Absent Absent Present

p  (-) 1 1 1 1 1 (-)
{Absent Min Min Min < 20% < 20% Absent

2 2 2 2 2
Mild Mild Mild 20 to 50% 20 to 50%

3 3 3 3 3
Mod Mod Mod 50 to 80% 50 to 80%

4 4 4 4 4

m k . . Severe Severe Severe Complete Complete

Table 2.4 The histological scoring system for tendon samples used in the investigation of the potential role of 
Vivostat® in post surgical adhesion reduction for flexor tendons
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Comparison between two groups was undertaken using either a Student’s t test 

(parametric) or a Mann-Whitney rank sum test (non-parametric). For comparison of 

several groups a one-way ANOVA (parametric) or the Kruskall-Wallis (non- 

parametric) tests were used. In the majority of cases the Additional Dunn’s 

methodology was applied which took into account the multiple Comparison 

procedures. All analysis was performed using SigmaStaf^^ statistics software, 

version 2.0 (Jandel Corporation).

Specific Statistical assessment o f tensiometer measurements in section 2 .53  

Statistical assessment of the observed data was carried out using a robust regression 

technique in the Stata Release 6 statistical software package. This analysis accounted 

for the structure of the data, which consisted of several measurements per animal. 

This technique specifies that there is inter but not necessarily intra animal 

observation independence. Robust estimates of the standard errors of regression 

coefficients were calculated using the Huber/White/sandwich estimator. This takes 

into account the potential lack of independence from the same sample. The residual 

variances were not constant between groups on the original scale of measurement. 

They were therefore not normally distributed. The statistical analysis was therefore 

performed after applying a logio (x +3) transformation. Before this was done a value 

of 3 was added to all observed values to ensure that all values were positive. The 

smallest tension was -2.2. On the transformed scale of measurement the assumption 

of constant residual variances was improved. Regression analysis obtained estimates 

of geometric mean tension and 95% confidence intervals per group. To obtain these 

values the coefficients and confidence intervals on the logarithmic scale were 

transformed back into the original scale of measurement.
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CHAPTER 3

RESULTS

ANATOMICAL AND MORPHOLOGICAL 
STUDIES OF THE DIGITAL FLEXOR TENDON
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3.1.1 Introduction

Research into improving the outcome of tendon repair has and does rely on essential 

animal work. These models allow the hypotheses of disease pathogenesis and its 

treatment to be rigorously tested. A number of different animal models have been 

employed in the study of tendons, including, mouse, rat, chicken, rabbit, dog, cow, 

monkey, and even horse. Comparisons between species have even been conducted 

(Gelberman et al., 1984). The majority of these studies assess the tendon response to 

injury. Not only have different species been used, but the type of injury inflicted has 

varied as well. It may range from complete transection and repair (Frykman et al., 

1993), partial transection (Manske et al., 1984), crush injury, avulsion injury or 

partial tenotomy (Iwuagwu and McGrouther, 1998). The conclusions drawn have 

often been contradictory or in part confusing. It is perhaps unsurprising due to the 

range of material studied.

The most common model today from the in vivo study of tendon injury is the rabbit. 

The deep flexors of the forepaw have gained popularity due to their accessibility and 

ease of use (Abrahamsson et al., 1989; Chang et al., 1997; Chang et al., 1998; Kang 

and Kang, 1999). The hind deep flexors have also been used (Churei et al., 1999; 

Malaviya et al., 1998). A literature review provided a varied account of the long 

flexor anatomy of both hind and forepaws, with inconsistencies regarding the 

number of annular pulleys, which have been illustrated as 3, (Hagberg and Gerdin, 

1992) 4, (Abrahamsson et al., 1989; Wiig et al., 1996) and 6 in number (Hanff and 

Hagberg, 1998). It has been well documented in the human that the deep flexor 

tendon changes shape with progression through the sheath (Martin, 1958; Walbeehm 

and McGrouther, 1995). To date this has not been discussed in the rabbit model. As 

we selected the rabbit as an appropriate animal model for the experiments conducted 

in chapters 4, 5 and 7 it was felt that the inconsistencies and incomplete anatomical 

description of the deep flexor tendon would prevent accurate recording of results. A 

preliminary anatomical and morphological study on the intrasynovial portion of the 

deep flexor together with its sheath was therefore performed.

As a large part of this thesis looked at the early response to tendon injury (chapter 6), 

an appropriate animal model was selected following a literature review on healing. 

We have adapted a previously documented partial tenotomy for use in the flexor
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tendons of the rat hindpaw. This model was put forward by Matthew et al., (1987) to 

study collagen fibril formation in the healing wound. Later, Iwuagwu and 

McGrouther, (1998) employed the same model for investigation into the early 

cellular response to injury in the rat extensor tendon. To date no one has used this 

partial tenotomy window injury on flexor tendons. A cursory ultrastructural 

investigation was therefore undertaken to illustrate the effect of partial tenotomy on 

both flexor and extensor tendons.

3.1.2 Aims

• To produce a reliable and concise account of the intrasynovial deep flexor and 

sheath anatomy in the rabbit.

• To conduct an ultrastructural investigation into the partial tenotomy rat model.

3.2 Materials and methods

An investigation into the anatomical variations o f the rabbit digital sheath 

The Murex Lop Rabbit was used for this study. Details of tissue dissection, 

measurement and assessment are detailed in section 2.1.1. Comparisons of values 

between digits of the same paw were made using either a one way analysis of 

variance if the data was parametric. If the data was nonparametric, then the Kruskall- 

Wallis test was used.

The cross-sectional shape o f the rabbit deep flexor tendon

The change in cross sectional area in the long flexor of the rabbit was examined in 

transverse sections from tendons used in chapter 4. The details of analysis are set out 

in section 2 .1.2 .

The ultrastructural assessment o f the partial tenotomy injury in the rat tendon model 

We performed both scanning and transmission electron microscopy on the partial 

tenotomy wall in both flexor and extensor tendons. The procedure, tissue preparation 

and subsequent microscopy are described in section 2.1.3.

3.3 Results

3.3.1 The morphological assessment o f the digital sheath in the Murex Lop Rabbit. 

Dissection of the 41 rabbit digits, 13 fore and 28 hind revealed a consistent pattern of 

anatomy with five functional specialisations, or pulleys, per digit (Figure 3.1). The 

A 1 pulley arose from the neck of the metacarpal and the proximal aspect of the
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MCPJ PIPJ DIPJ

Figure 3.1 The typical distribution of annular pulleys in the digital synovial sheath
of the Lop-eared rabbit. This partial dissection is if of a hind 3"̂  ̂ digit. The five 
annular pulleys are labelled A1 to A5. The joints of the digit are indicated with the 
red arrowheads, the metacarpophalangeal joint (MCPJ), the proximal 
interphalangeal joint (PIPJ) and the distal interphalangeal joint (DIPJ).
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metacarpophalangeal joint palmar plate. A very narrow A2 pulley arose from the 

base of the proximal phalanx and a prominent A3 pulley from the neck of the 

proximal phalanx and the palmar plate of the proximal interphalangeal joint. A 

prominent A4 pulley arose from the base of the middle phalanx. The distal A5 pulley 

was delicately formed, but always present. The A5 pulley was more a condensation 

of fibrous tissue beneath the pad of the digit at the level of the head of the middle 

phalanx and the proximal portion of the distal interphalangeal palmar plate. The 

insertion of the flexor digitorum profundus was at the base of the distal phalanx and 

the flexor digitorum superficialis divided into two laterally orientated slips beneath 

the A2 pulley, as it does in the human hand. After its course through the A3 pulley it 

inserted into the periosteum of the proximal part of the middle phalanx prior to the 

A4 pulley.

In the rabbit forepaw. The number of tendons available for examination were small 

in number. Despite this there was however good correlation between the mean and 

median lengths (Appendix II table). The mean total length of the sheath (figure 3.2) 

was the greatest in digit 3 at 24.5 mm followed by digit 4 (24mm), digit 2 (23 mm) 

and finally digit 5 where the sheath length in extension measured 17.67 cm. The 

difference between digit means was statistically significantly different (p < 0 .001). 

Assessment of pulley distance from the mouth of the sheath (the proximal part of the 

A1 pulley) showed that at each pulley, the greatest lengths were seen in digit 3 and 

the least lengths were seen in the smallest digit 5. Digits 2 and 4 had very similar 

values for all pulley distances. We found that the mean values for pulley distance 

from the mouth of the sheath were statistically different between digits at the 2 "̂  (p = 

0.043), 3"' (p < 0.001), 4"' (p = 0.013) and 5"" digits (p = 0.001) (figure 4.3a).

In the rabbit hindpaw, more tendons were available for assessment, again there was 

good correlation between mean and median values. The total length of sheath in fully 

extended digits is shown in figure 4.2. Interestingly the longest sheath was still seen 

in digit 3, whilst the shortest sheath was found in digit 2. There was however no 

significant difference between the mean sheath lengths of digits 2 to 5 (p = 0.051). 

When distances of pulleys from the mouth of the sheath were recorded, no 

significant difference in mean value from digits 2 to 5 were found apart from the A5 

pulley (p = 0.038) (figure 3.3b).
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Figure 3.2 Mean total length of the intrasynovial deep flexors to the fore and 
hindpaw of the rabbit. The measurement was from the mouth of the sheath to the 
point of insertion into the distal phalanx. Error bars = standard deviation. □  = 
forepaw, ■  = hindpaw.
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Figure 3.3 Mean distance of rabbit digital annular pulleys from the mouth of the 
sheath, (a) forepaw, (b) hindpaw of the rabbit. Error bars = standard deviation 
* = p < 0.05, ** = p < 0.001. El = Digit 2, *  = Digit 3, O = Digit 4 , O = Digit 5.
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Deep flexor cross sectional area was found to change with distance into the sheath. 

Both fore and hindpaw sections were investigated. A typical 3̂  ̂ digit from the fore 

and hindpaw is illustrated in figure 4.4. The forepaw tendon was almost square in its 

extrasynovial region, which continues into the first part of the sheath. The shape 

changed to a triangle with the apex facing towards the proximal phalanx by the time 

it reached the A2 pulley. Progression to a bi-lobed shape was seen by A3 with dorsal 

and ventral grooves on the surface. At A4 the tendon had become heart shaped and 

by the final A5 pulley, the shape had yet again changed, this time to a triangle with 

its base against the distal phalanx. By comparison the hindpaw of digit 3 showed that 

although there were similarities in shape, there were also some differences. The 

extrasynovial tendon was more flattened and rectangular than its forepaw 

counterpart. A kidney bean shape developed once in the sheath with earlier 

development of dorsal and ventral grooves. In keeping with the forepaw, the hind 

deep flexor became bi-lobed by A3, progressing to triangular, with the base abutting 

the distal phalanx by the final A5 pulley. With the anatomical and morphological 

results obtained on the rabbit digit in this chapter, we have been able to design the 

experiments in chapter 4 and 7 with greater confidence, allowing us to relate our 

findings to the surrounding structures of the digital sheath.

3.3.2 The ultratructural assessment o f the patial tenotomy injury in the rat flexor 

tendon.

An ultrastructural investigation was performed on the partial tenotomy tendon 

injuries created in the hind digital tendons of the rat. Scanning electron microscopy 

of partial tenotomy windows from both flexor and extensors showed some 

interesting differences. The surface of the flexor tendon was smooth with no 

evidence of the orientation of the underlying collagen fibre bundles (figure 3.5a). 

The surgically created partial tenotomy revealed the internal structure of the tendon. 

Longitudinal collagen bundles were tightly packed in the walls of the window (figure 

3.5b). As the magnification increased, it became evident that each fibre was made up 

of hundreds of individual fibrils, all longitudinal and tightly packed (Figure 3.6a and 

b). For comparison several extensor samples were subjected to similar analysis. It 

could be seen from the higher magnifications (Figure 3.6c and d) that the collagen
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Fore

Hind

Figure 3.4 Cross-sectional shape of the intrasynovial deep flexor tendon in the 
rabbit. These cross sectional images were taken from a 3rd digit of the fore and 
hindpaw of a New Zealand White Rabbit.
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KV X300 1

Figure 3.5 Scanning electron micrographs of rat flexor tendons following partial 
tenotomy, (a) x60 montage of the partial tenotomy where a longitudinal strip 
corresponding to the middle third of the tendon has been removed, (b) x300 montage 
of the proximal aspect of the cut. The smooth surface gives way to longitudinal 
collagen bundles forming the walls o f the window.
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Flexor
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Figure 3.6 Scanning electron micrographs comparing the flexor and extensor 
tendons following partial tenotomy. The tenotomy wall of flexor (a and b) and 
extensor (c and d) tendons are shown at xSOOO (a and c), and x20,000 (b and d) 
magnification. The flexor tendon fibrils are longitudinally orientated in tightly 
packed fibres. The extensor tendon comprises of more loosely packed spiralling 
fibrils in a longitudinal orientation.
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fibrils which made up the fibres were less tightly packed and although run in a 

general longitudinal fashion were less ordered and sometimes even spiral around 

each other. These findings were corroborated with the transmission electron 

micrographs of the window wall. Figure 3.7a and 3.7b show the discreet collagen 

fibrils tightly packed into fibres which are discernible from one another. The fibrils 

are all of comparable size. In contrast the micrographs taken from the extensor 

window wall taken at the same magnification show looser packing with no distinct 

ordering into fibre bundles (Figure 3.7c and d). At the highest power one can see a 

variety of fibril diameters, some of which are smaller and some of which are larger 

than their flexor counterparts.

3.4 Discussion

An initial dissection study of 41 digits was conducted due to the lack of consistent 

descriptions of the flexor sheath and tendon anatomy in the literature. The number of 

pulleys recorded in previous research ranges from three to six (Abrahamsson et al., 

1989; Hagberg and Gerdin, 1992; Hanff and Hagberg, 1998). These differences 

could be due to variation between different types of rabbit, however Hagberg and 

Gerdin (1992), illustrated their paper with a 6-pullied diagram whilst that of Hanff 

and Hagberg (1998), was illustrated with a 3-pullied figure. The type of rabbit in 

both cases was the Lop-eared variety. In addition the photo illustration used by 

Abrahamsson to illustrate a number of his papers has been labelled as only having 4 

pulleys. Their A1 pulley is very broad and on the basis of my dissections, I found 

this to be made from 2 annular pulleys.

We found a high degree of consistency both at an intra- and inter-specimen level. 

The pulley system exhibited a very similar anatomical layout to that described in 

man (Katzman et aL, 1998), with five pulleys always present. The main differences 

were in their origins and sizes. In the rabbit, the A2 and A5 pulleys were less 

prominent than the human equivalents. The A2 pulley was comparatively much 

narrower and in close vicinity to the larger A1 pulley. The A5 pulley in the rabbit 

was a more delicate anatomical structure, being little more than a condensation of 

fibrous tissue beneath the pad of the digit. The largest and best-defined pulleys are 

A3 and A4. There was in addition, only one vinculum (brevum) present. These
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n̂sor

Figure 3.7 Transmission electron micrographs of flexor and extensor tendons 
following partial tenotomy. The tenotomy wall o f flexor (a and b) and extensor (c 
and d) tendons are shown at x625 (a and c), and x30,000 (b and d) magnification. 
The flexor tendon exhibits longitudinal tightly packed collagen fibrils organised into 
well-defined fibre bundles. The extensor tendon shows less tightly packed but larger 
fibrils with no discernible fibres.
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findings were true for both the hind and forepaws. There was some consistency 

between the fore and hindpaws; the 3̂  ̂ digit was always the longest with each pulley 

situated further away from the mouth of the sheath than their counterparts from 

neighbouring digits. Interestingly the shortest digit in the forepaw was digit 5, whilst 

in the hindpaw, digit 2 was the smallest. The lengths of digits in the forepaw were 

found to be statistically different from each other whilst those from the hind were 

not. This could be related to function. The more dextrous forepaw may have evolved 

differential ray lengths to aid with preening or feeding rituals, whereas the hindpaw 

is mainly concerned with locomotion, the length of individual rays therefore could be 

argued as less important.

The differences in intra-tendon cross sectional area at different points within the 

flexor sheath have been noted in humans (Martin, 1958; Walbeehm and McGrouther, 

1995). They found distinct changes in the curvatures of the flexor digitorum 

profundus as it progressed through the synovial sheath. They found an oval shape to 

the tendon in the extrasynovial portion, whilst the rabbit had either a square or 

rectangular shape. Once the human tendon entered the sheath it was found to change 

to a square and then triangular shape by the A2 pulley with its apex away from the 

bone. This pattern was seen in the rabbit, however the apex of the triangle at the A2 

pulley faced dorsally towards the underlying phalanx. They then went on to describe 

other conformational changes in the human tendon, once distal to the superficialis 

chiasma. They showed the deep tendon to be triangular with the apex pointing to the 

underlying bone at the level of A4. By the time of the insertion the human tendon 

formed the shape of 2 ovals. Whilst these shapes were seen in the deep flexor tendon 

of the rabbit distal to the superficialis chiasma, they were not in the order or the 

orientation described by Martin (1958). One can postulate that the differences 

between hind and forepaw, as well as the differences highlighted between rabbit and 

man can be attributed to their differing functional role.

In an attempt to illustrate the ultrastructural surface of the partial tenotomy window 

in the rat flexor tendon model, scanning and transmission electron micrographs were 

performed. Previous experiments have confirmed the heterogeneous diameter of 

fibrils within the extensor tendon (Matthew and Moore, 1991a; Matthew and Moore,
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1991b). Matthew and Moore (1991a) also employed the partial tenotomy window in 

rat extensor tendons to examine its effect on collagen fibril formation and found that 

collagen fibril formation within the unstressed window was slow and resulted in 

small diameter fibrils. The collagen formation either side of the window progressed 

more rapidly, resulting in larger fibril diameter (Matthew et aL, 1987). To date no 

one has looked at the effect of partial tenotomy on collagen fibril formation in the 

flexor tendon. We therefore performed TEM and SEM on both flexor and extensor 

partial tenotomies for comparison. At the time of partial tenotomy creation it was 

noted that those created in the extensor tendon were easier to perform and 

maintained a well-defined nature after the procedure. In contrast, the deep flexor 

windows were harder to create, with longitudinal cuts harder to pick out and the 

window less well defined at the end of the procedure. The differences seen in Figure

3.6 b and d, and Figure 3.7b and d potentially could explain this operative difference. 

Although the fibrils of the extensor tendon were more heterogeneous in size, they 

were less tightly packed compared to the flexor counterpart. Arguably, attempts at 

creating the flexor window could be hampered by tight fibril packing, with the plane 

of cut being camouflaged once the knife was removed. In contrast the loosely packed 

fibrils of the extensor tendon allowed easy window creation secondary to less 

inherent elasticity in the tissue. Whilst this would explain the differences observed, 

the possibility of artefactural change in the conformational arrangement of extensor 

fibrils cannot be ruled out. These micrographs were performed for illustrative 

purposes and therefore a full study into the ultrastructural differences between flexor 

and extensors would be needed before one may use them as an argument for the 

contrasting accounts of their patterns of healing.

3.5 Conclusions 

Rabbit

• The synovial sheath has 5 annular pulleys

• The pulley distance varies according to the digit and the paw

• There is a change in flexor cross-sectional area with progression through the 

sheath, with differences between fore and hind tendons.

Rat
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• There is a difference between flexor and extensor tendons in their collagen fibril 

packing.

With the preliminary results given in this chapter, the experimental procedure and 

results of chapters 4, 5 and 7 can be related with confidence to the anatomical 

landmarks of the digital sheath. The assessment of the partial tenotomy injury in the 

rat digital tendon has enabled us to interpret and illustrate our findings in chapter 6 at 

an ultrastructural level.
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CHAPTER 4 

RESULTS

IMMUNOHISTOCHEMICAL LOCALISATION 

AND MAPPING OF THE FLEXOR TENDON

BLOOD SUPPLY
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4.1 Introduction

The blood supply to flexor tendons, like their mechanisms of healing following 

injury, has been the subject of much investigation and debate. The first 

documentation that tendons were vascular structures was by Ludwig (1872). Mayer 

(1916) examined the flexor tendons in human cadavers and found three distinct 

sources, the musculotendinous junction, the osseotendinous junction, and the 

vincular vessels all contributed to their supply. He also documented palmar avascular 

zones within the intrasynovial portion of the flexor digitorum profundus tendon. 

Later that century, these tendons were found to possess deep longitudinal vessels as 

well as fine capillary-like anastomoses on the surface (Edwards, 1946). In addition to 

the anatomical investigations, authors have evaluated the importance of vascular 

perfusion in tendon nutrition (Lundborg, 1976; Lundborg et al., 1980; Lundborg and 

Rank, 1978; Manske et al., 1978; Naito and Ogata, 1983) with the use of radioactive 

tracers. It is believed that the intrasynovial tendon unit may derive nutrition from 

either the synovial fluid, and or from its own blood supply (Manske and Lesker, 

1985). The contributions of both sources have been shown to differ between species 

(Manske and Lesker, 1983) and whilst many feel synovial diffusion is most 

important, the relative donations of each source are likely to change in the event of 

injury and subsequent healing.

Since the early 1970's, tendon blood supply has been investigated by intravital 

perfusion studies. This technique may however give rise to false positive result 

(Petersen et al., 2000). This can occur when the delineating medium is injected into 

the paravasal space, due to a high injection pressure or when a vessel is damaged due 

to postmortem degradation. The same group showed this technique may produce 

false negative results by microembolism due to insufficient filling of the vessels due 

to low injection pressure, or when the injection medium hardens before it reaches the 

terminal arteries. To circumvent the potential problems of perfusion techniques, we 

have employed immunohistochemistry, which allows us to precisely and specifically 

localize endothelial cells within the tendon substance. This technique is based on an 

antibody-antigen reaction, with a surface marker on the endothelial cell of arteries, 

veins and capillaries acting as the antigen. Visualization of this complex, and 

therefore the vessel, is by the addition of a chromogenic substrate. This method has
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previously been used to characterize the vascularity of herniated spinal tissue in 

humans (Virri et a l, 1996).

Historically tendon-healing studies in the rabbit have largely been performed on the 

forepaw (Abrahamsson et aL, 1989; Chang et aL, 1997; Chang et aL, 1998; Kang 

and Kang, 1999) although hind deep flexors have also been used (Churei et aL, 1999; 

Malaviya et aL, 1998). This research has looked at vascular networks in both fore 

and hind tendons.

4.1.1 Aims

• To develop a method of blood vessel delineation that is precise, quantitative 

and reproducible on paraffin sections.

• To document the vascular distribution in the deep flexors of both the fore and 

hindpaws of the New Zealand White rabbit.

• To test this method across species groups.

4.2 Materials and methods

Development of the technique took almost eight months and almost 100 tendons. 

Both fore and hind deep flexor tendons from digits 2 to 5 of the New Zealand White 

rabbit were isolated and prepared as described in section 2.2.1 and 2.2.2 respectively. 

After processing and blocking, transverse sectioning was undertaken at a thickness of 

4p.m. Refinement to the technique improved the quality of the sections obtained and 

is set out in section 2.2.2 and table 2.2. A monoclonal mouse-anti-human antibody to 

endothelial cells; anti-CD31 (DAKO Ltd, Cambridge, UK) was used as the primary 

antibody (also known as PECAM-1). This had good species cross-reactivity and 

therefore could be used in both rabbit and horse in addition to humans. Due to the 

paucity of endothelial tissue in parts of the tendons studied, it was necessary to 

employ a commercial kit for signal amplification. The DAKO Catalysed Signal 

Amplification (CSA) System-Peroxidase K1500, for mouse primary antibodies was 

used. The effective staining protocol that was developed is outlined in section 2.2.3. 

Assessment and image analysis of stained slides were performed as detailed in 

section 2.2.4. Although nearly 300 slides were cut and stained, the results were 

obtained from four different tendons from the forepaw (digits 2 to 5) and four from
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the hindpaw (digits 2 to 5). Although the tendons were from different rabbits it was 

felt that statistical analysis was inappropriate.

4.3 Results

4.3.1 Comparative localisation o f the tendon blood supply in the rabbit fore and 

hindpaw.

Examples of the CD31-stained tissue are shown in figure 4.1b, d and f. Both positive 

and negative controls were used for all staining runs. A positive control of rabbit 

kidney (fig 4.1b) showed the primary antibody localisation to endothelial cells. The 

walls of the glomerular and tubular vessels were stained brown with the substrate 

chromagen. A peri-lumenal cuff around the vessel highlighted those that had been 

cut end on. The negative control slide showed that carrying out the procedure but 

with the omission of adding the primary antibody to the diluting solution resulted in 

no vascular staining (Figure 4.1b). As this novel method was used in 3 species, it was 

necessary to use appropriate controls for each. Figure 4.1c and d, showed the human 

tonsil negative and positive control (respectively) that were used whilst staining the 

vessels of the human flexor digitorum profundus tendon. Once again, the omission of 

the primary antibody resulted in no vascular delineation. Its addition however, 

highlighted numerous vessels in multiple orientations throughout the human tonsilar 

tissue. The rabbit tendon that we knew to be vascular as a result of this study was 

used as the negative (figure 4.le) and positive control (figure 4.If) for the assessment 

of equine tendon blood supply. Figure 4 .If  showed a vessel in cross-section with the 

patent lumen and the walls stained dark brown with the method described above. 

This typical slide was from a hindpaw intrasynovial section corresponding to the A1 

pulley. It could clearly be seen that the vessels were situated within the substance of 

the tendon core.

The rabbit is often used to study different aspects of tendon healing, we therefore 

sought to localise and quantify the vascular networks with in their deep flexor 

tendons using the developed method. In addition, we sought to compare and contrast 

the intrinsic blood supply to both fore and hindpaw tendons. The resultant staining 

highlighted a different distribution of vessels between the fore and the hindpaws. All 

accounts of vascular supply were related to the anatomy of the sheath that has been 

described in chapter 3. In the forepaw (figure 4.2 a-f), the extrasynovial portion
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Figure 4.1 The visualisation of CD31-stained blood vessels by 
immunohistochemistry (a) Rabbit kidney negative control (b) Rabbit kidney positive 
control (c) Human tonsil negative control (d) Human tonsil positive control (e) 
Rabbit tendon used as horse negative control (f) Rabbit tendon used as horse 
positive control. All micrographs are x400 magnification apart from (c), which is 
xlOO magnification.
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Figure 4.2 The vascular distribution within the rabbit forepaw deep flexor tendon. 
Transverse sections of a typical digit 3 tendon stained with CD31 
immunohistochemistiy are shown, (a and b) The proximal (extrasynovial) portion 
with a supporting peripheral vascular network, (c and d)The mid-intrasynovial point 
underneath A3 pulley is totally avascular, (e and f) The distal intrasynovial point 
beneath the A5 pulley exhibits both core and peripheral vessels. Micrographs a, c 
and e are x40 magnification, whilst b, d and f  are x400 magnification.
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proximal to the mouth of the sheath, was found to be vascular. Small core vessels 

were supported with a well-defined supporting peripheral vascular network (figure 

4.2a,b). With progression into the sheath, both the core and peripheral blood supply 

were less pronounced and by the A3 pulley, the tendons were totally avascular 

(figure 4.2c,d). The black line on the periphery of the tendon section in figure 4.2d 

was due to the India ink labelling of the dorsal side of the tendon. The tendon 

remained avascular until it was distal to the A4 pulley. The tendon then regained a 

peripheral network, but in addition, had a prominent blood supply within the tendon 

substance that was concentrated towards the dorsum of the tendon (figure 4.2e and 

f). The hind tendons exhibited a slightly different pattern to their blood supply 

(figure 4.3a to f). Both the extrasynovial and distal intrasynovial portions did have 

peripheral vascular networks that supported intratendinous vessels towards the 

dorsum of the tendon (Figures 4.3a,b and 4.3e,f respectively) as in the forepaw. 

However, the mid-portion of tendon that corresponded to the A3 pulley was found to 

contain dorsal core vessels in a longitudinal orientation. Although the sections 

between the A2 and the A4 pulley had limited vessel number within their substance, 

they were, in contrast to the forepaw, vascularized.

Figure 4.4a plots the number of vessels per forepaw tissue section against the 

location of the section. The X-axis therefore represents a linear anatomical 

progression from the extrasynovial portion of the flexor tendon proximally, through 

the sheath to its insertion of the tendon distally. Four tendons, one from each digit (2- 

5) (Appendix II) were assessed in this way and the average number of vessels at each 

site was also plotted. The mean number of vessels in the tendon proximal to the 

flexor sheath was 37 per cross section representing a combination of core and 

peripherally orientated networks. Once the tendons became intrasynovial, the 

number of vessels dropped to an average of 18 per section, at the level of the A1 

pulley. Again these were both centrally and peripherally situated. By the A2 pulley, 

the tendons were avascular, and they remained so until the insertion of the vincular 

vessel between the A4 and A5 pulleys. Distal to this point, core and peripheral 

networks were again present with an average count of 25 per cross section. It was 

found that with progression through the sheath, the shape of the tendon cross section 

changed. Therefore for illustrative purposes the cross sections of a digit (third) from
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Figure 4.3 The vascular distribution within the rabbit hindpaw deep flexor tendon. 
Transverse sections of a typical digit 5 tendon stained with CD31 
immunohistochemistry are shown, (a and b) The proximal (extrasynovial) portion 
with a supporting peripheral vascular network, (c and d)The mid-intrasynovial point 
underneath A3 pulley is totally avascular, (e and f) The distal intrasynovial point 
beneath the A5 pulley exhibits both core and peripheral vessels. Micrographs a, c 
and e are x40 magnification, whilst b, d and f are x400 magnification.
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Figure 4.4 The anatomical distribution of vascular networks within the rabbit fore 
and hindpaw deep flexor tendons. The vessel number per cross section was plotted 
against the anatomical position from where the tendon cross-section was obtained.
(a ) = forepaw (b) = h i n d p a w .    digit 2, “  — = digit 3,“  ”  = digit 4
— — = digit 5,------  = mean vessel number taken from digits 2 to 5. The cross-
sections beneath each graph were from digit 3. Error bars = SD.
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the rabbit forepaw are shown in proportion to each other below the X-axis. There 

was a change in shape with distance into sheath. The extrasynovial sections were 

square, changing to oval just inside the sheath. By the A3 pulley, the tendon became 

bi-lobed, and towards its insertion took on a more triangular appearance.

By comparison, the same staining method was applied to four tendons (one of each 

digit 2-5) of the hindpaw, and pattern of blood supply to the deep flexors was plotted 

in figure 4.4b (Appendix II). The most obvious difference was the lack of a complete 

avascular zone between the A2 and A4 pulleys. Again the highest average count was 

in the extrasynovial region (43 per cross section). It then dropped to 10, 9 and then 

11 from the A1 to the A3 pulleys respectively. In these sites the core vessels were 

largely confined to the dorsum of the cross sections. The distal resurgence of 

intratendinous vessels again corresponded to the vinculae and their entry point into 

the tendon substance just proximal to the A5 pulley. The average count at this site 

was 24. The third digit was selected to show the change in shape of the tendon cross 

section with progression through the tendon sheath. There was a slight difference in 

shape compared with the forepaw digit, the extrasynovial tendon shape appeared 

oval. This shape did not change until the A3 pulley where it became bilobed and then 

triangular near its insertion. A more detailed description of the change in tendon 

cross-sectional area with progression through the sheath is given in chapter 3.

In order to determine if vessel number was a reliable indicator of 'tendon vascularity' 

total vessel area per cross section was determined by summating the areas of all the 

individual vessels per cross section. Tendon cross-sectional area was also computed 

(Appendix II). The percentage of tendon section taken up with vessels was termed 

the Vascularity Index, and calculated using the formula:

Vascularity Index  = 4^ Total Vessel Area per Section ^  x 100

Tendon Section Cross Sectional Area

Tendon vascularity is represented graphically using the vascularity index in figure 

4.5a and b. Figure 4.5a depicts the individual tendon and mean vascularity index at 

sequential anatomical landmarks within the sheath. The mean fore tendon vascularity
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Figure 4.5 The vascularity index (% area of tendon cross-section that contain blood 
vessels within the rabbit (a) fore and (b) hindpaw deep flexor tendons. The index 
was graphed against the anatomical position from where the tendon cross-section
was obtained.— — = digit 2, — — = digit 3,— — = digit 4 ,— — = digit 5 . ------  =
mean vessel number taken from digits 2 to 5. The sections beneath each graph were 
from digit 3. Error bars = SD.
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index followed the same shape as Figure 4.4a. In the extrasynovial portion, 0.66% of 

the tendon cross-section was taken up with vessels: this reduced to 0% between the 

A2 and A4 pulleys and then rose to 0.44% at the A5 pulley level. A similar trend 

appeared to have developed between tendon vascularity index (Figure 4.5b) and 

vessel number (Figure 4.4.b) with respect to the hindpaw tendon. The extrasynovial 

part of the tendon had a mean index of 0.73%, which dropped dramatically after 

sheath entry. From the A2 pulley onwards, the mean percentage index increased up 

to approximately 0.6% of the tendon cross section at the A5 pulley.

In order to determine if the change in vascularity index was related purely to the 

change in vessel number, or in part due to variability in the size of the vessels, the 

individual cross sectional area of the vessels per section was determined. Individual 

vessel size was variable, and depended where the section was taken from. Figure 

4.6a plots all the individual vessel sizes per section against the anatomical site of the 

tendon specimen (blue points) for the second digit of the forepaw. The mean vessel 

size was plotted in red with standard deviation error bars. The extrasynovial portion 

had a mean vessel area of 268pm^ (+/- 215 SD). Once the tendon had entered the 

sheath the mean value had increased to 341 pm^ by the A1 pulley. This however was 

associated with a large variation in individual size {+!- 332 SD). The tendon was 

avascular from the A2 to the A4 pulley, but by the A5 pulley the blood supply had 

resumed, the mean area was 343pm^ (+/- 294 SD). At the very end of the synovial 

sheath, at the point of insertion, the tendons mean vessel area was 441pm^ (+/- 454 

SD). Although the data is not shown, there was a general trend that followed in all 

forepaw tendons. The areas of greatest vascularity (as shown by vessel number and 

vascularity index) had a larger mean vessel area per section. This was not found in 

the hindpaw Figure 4.6b. This graph shows the change in individual as well as mean 

vessel diameter with progression through the sheath in the hind second digit. At the 

extrasynovial region, mean vessel area was 320pm^ (+/- 551 SD). This wide standard 

deviation showed there was a wide range in individual vessel area at this point. Once 

in the sheath, at the level of the A1 pulley, there was reduction in mean size to 

214pm^ (+/- 199 SD). By the time the tendon had reached the A3 pulley (a totally 

avascular region in the forepaw), the mean size was 367pm^ (+/- 296 SD). This had
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Figure 4.6 The variation in flexor tendon blood supply to the fore and hind 2"  ̂ digit 
o f the rabbit. Individual vessel areas are plotted against their anatomical site. The 
mean vessel area of each anatomical site is plotted as a single red dot. The error bars 
represent 1 standard deviation away from the mean.
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increased at the end of the sheath, to 391 (+/- 415 SD) by the A5 pulley.

Although not shown this data was representative of the findings from the other three 

digits analysed. There was no discernible change in mean vessel area between areas 

of high or low vascularity (as determined by vessel number and vascuarity index).

This technique has produced precise quantitative data of the normal vascular 

anatomy to the deep tendons of the rabbits fore and hindpaws, a popular animal 

model used to study different aspects of tendon healing. In order to test the versatility 

of the method versatility we applied it to 2 other species, which are known to have 

potentially devastating injuries of their flexor tendons, namely the human and the 

horse.

4.3.2 The immunohistochemical localisation o f the blood supply to the intrasynovial 

portion o f the flexor digitorum profundus o f the human hand.

The novel methodology developed in this thesis was applied to the flexor digitorum 

profundus tendon of a human digit (figure 4.7). No attempt was made to quantify 

vessel number on the single sample. Human tonsil was used for both positive and 

negative controls (Figure 4.1d,c). In the extrasynovial region and beneath A1 (Figure 

4.7a) vessels were fairly well distributed through the core of the tendon. This was 

supported by a loose surface network. Once the tendon was well into the sheath, 

beneath A2 (Figure 4.7b) the pattern began to change. Here in addition to the 

peripheral network there was a dense collection of vessels on the dorsal side. This 

became denser as the tendon became more distal (Figure 4.7c and d). After A3, the 

core vessels had reduced in number (Figure 4.7e). With the introduction of the 

vinculum longum at the level of A4 (Figure 4.7f) there was an abundance of vessels 

in the dorsal half of the specimen, with a noticeable absence of a peripheral network 

on the palmar side.

4.3.3 The immunohistochemical localisation o f the blood supply to the superficial 

digital flexor tendon o f the horse.

Of the three species, the horse proved the most problematical in achieving 

reproducible results. This was in part due to the thickness of tissue leading to 

incomplete penetration of the fixative, and problems cutting adequate sections. The 

thinner the section the better the result. Figure 4.8 is a montage of a section that was
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Figure 4.7a-f. The immunohistochemical localisation of the vascular network in the 
human flexor digitorum profundus tendon. Intrasynovial transverse sections were 
stained with CD31. (a to ^  denote the anatomical site of the cross-section. The main 
micrographs are x25 magnification the inlays are x400 magnification.
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Figure 4.8 The immunohistochemical localisation of the vascular supply to the 
superficial digital flexor tendon of the horse (Pashera region), (a) Montage of 
Haematoxylin and Eosin x25 images with surface and core inlays at x200 
magnification (b) Montage of CD31 staining x25 images with surface and core inlays 
at x200 magnification.
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taken from the Pashera region of the superficial digital flexor from a forelimb. Of the 

limited samples obtained, this part of the tendon proved to be the easiest to prepare. 

Montage preparation was necessary in order to achieve as maximum amount of detail 

possible. The Haematoxylin and Eosin staining (figure 4.8a) did little to highlight the 

intricate surface and core networks that existed, although under high magnification, 

vessel lumena were discernible. Upon staining the tendon with the novel method 

developed in this thesis, all vessels were highlighted within this tendon sample. From 

figure 4.8b, it can be seen that the numerous longitudinal core vessels were 

orientated in a random stellate fashion throughout the tendon substance. They were 

in turn supported by a diffuse, regular, larger-bored vascular network within the 

surface and subsurface layers.

4.4 Discussion

Various authors have used a range of techniques to assess tendon vascularity in a 

number of different species (Brockis, 1953; Gelberman et al., 1991; Lundborg and 

Myrhage, 1977; Pennington, 1979; Takasugi et at., 1978; Warren et at., 1988). These 

studies have resulted in qualitative descriptions of the intricate microvascular 

anatomy with assumptions as to its importance in tendon physiology and pathology. 

Our aim was to provide a precise quantitative account of the microanatomy of rabbit 

tendon vessels using immunohistochemistry, and to apply this to different species. 

This method has previously been used to assess angiogenesis in human herniated 

lumbar discs (Virri et at., 1996). In addition, Petersen et al., (2000) performed a 

qualitative study on the blood supply to the peroneus longus tendon of human 

cadavers using antibodies to laminin on cryosectioned specimens. Our method 

utilised the anti-CD 31 antibody, which targeted the endothelial cells. It has been 

used in the study of a wide range of tumours in man including squamous cell 

carinoma (Strieth et al., 2000) malignant myoepithelioma (Hinze et a l, 1999) and 

breast carcinoma (Sapino et a l, 2001). CD 31 studies have also been carried out on 

human synovium (Szekanecz et a l, 1995). We chose the New Zealand White rabbit 

as our animal model as the deep flexor tendons are easily exposed, allowing accurate 

and reproducible manipulations, therefore making larger animal models often 

unnecessary. The use of the rabbit in the study of flexor tendon healing is increasing. 

The majority of studies have utilised tendons from the forepaw in this species
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(Abrahamsson et al., 1989; Chang et a l, 1997; Chang et al., 1998; Kang and Kang, 

1999).

Cadaveric perfusion studies have described a reduced vascular zone in the palmar 

half of flexor tendons in the region between the A2 and A4 pulleys. However the 

work performed by Petersen et al., (2000) showed that these techniques to delineate 

the vascular supply could result in both false negative and false positive results. 

Lundborg (1976), noted the longitudinal core vessels in the proximal part of the 

intrasynovial flexor digitorum profundus continuing distally in the dorsal aspect of 

the tendon between A2 and A4 pulleys. Distal to this the core substance of the 

tendon is supplied by vessels derived from the vinculae. In contrast, Gelberman et 

al., (1991), who also utilised India ink perfusion, described a totally avascular zone 

of the flexor digitorum profundus between A2 and A4 pulleys in the forepaw of a 

dog. Using a specific and precise method of endothelial localisation in the rabbit 

model, we have shown that the vascular patterns described by both Lundborg (1976), 

and Gelberman et al., (1991), in different species, co-exist in the rabbit. We have 

also shown that vessel number is a good measure of tendon vascularity, as is 

'Vascularity Index' with both exhibiting the same patterns of change in relation to 

progression through the sheath. Although individual vessel diameter varied between 

sections, the mean vessel diameter remained fairly constant from section to section in 

the hindpaw, whilst it increased in the more vascular areas in the forepaw (Figures 

4.6b and 4.6a respectively). We suggest that the mean increase in size of the vessels 

as well as a high vessel count may work in combination to supply a high blood flow 

to the proximal and distal intrasynovial portions of the forepaw vessels. Conversely 

in the hindpaw, mean size of vessel does not appear to bear any relation to delivery 

of tendon blood supply. This may be the result of a continuous blood supply 

throughout the tendon.

The differences in intra-tendon cross sectional area at different points within the 

flexor sheath have been noted in humans (Martin, 1958; Walbeehm and McGrouther, 

1995). We have shown for the first time, that the cross-sectional shape and size of 

the intrasynovial tendon section also varies in the rabbit (figure 4.2a and b). The 

observed differences between hind and forepaw deep flexor tendon blood supply 

might be due to these differences in tendon size, thus the smaller the tendon
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diameter, the easier it is to derive its nutritional requirement from synovial diffusion 

alone. With an increase in tendon size, an additional nutritional source would be 

required hence the propensity of intrinsic vessels in the larger areas. Although one 

could derive this argument for the forepaw from figure 4.2a alone, the areas of least 

blood supply in the hindpaw tendons are not in the parts of the tendon with the 

smallest diameter. An alternative explanation might be the different mechanical 

functions at the two tendon sites. The larger hindpaw is involved in stronger 

locomotive actions and most of the rabbit's weight at rest is transmitted through the 

hindpaw. The metacarpophalangeal joint due to its prominence takes a lot of the 

load. This corresponds to the least vascular zone of the hindpaw tendon. One can 

therefore postulate that the palmar reduction in vessel number is a direct result of 

pressure from the prominent metacarpophalangeal joint. In contrast the forepaw is 

involved in more intricate movements such as feeding and preening and the constant 

pressure applied to the smaller forepaw tendons might prevent angiogenesis between 

the A2 and A4 pulleys.

The human deep flexor leant itself well to this method of vessel delineation. 

Unfortunately additional tissue for this study proved to be impossible to obtain. Our 

single sample corroborated the findings of Lundborg (1976), showing that the tendon 

had a continuous blood supply that resided in the dorsal half. The palmar aspect 

became relatively avascular after A2. Repeat staining on a number of samples would 

allow quantification in the same manner as the rabbit. This would give an index of 

vascular supply anywhere in the tendon. We propose that as the rabbit model is 

becoming increasingly popular in the study of tendon physiology and pathology, 

only the hindpaw tendons should be studied. This is because they exhibit similar 

microvascular architecture to that of the flexor digitorum profundus tendons in man.

The superficial digital flexor tendon of the equine athlete may be subject to 

tendonitis. One of the potential etiological factors is the paucity of the blood supply 

to the core of this tendon in the mid-metacarpal region. The anatomical networks 

have been described using the perfusion techniques which can give both false 

positive and false negative results. Our technique has been applied to several samples 

of the superficial flexor tendon of the horse (figure 4.8). In the specimens stained 

(from the Pashera region just below the mid-metacarpal section), we have found a

129



Chapter 4

dense randomly distributed core blood supply that is supported with a larger bored 

surface network. Further studies applying this novel technique to the whole tendon, 

would allow a quantitative assessment of the blood supply in the regions prone to 

injury and tendonitis that can so debilitate the equine athlete.

4.5 Conclusions

• We have shown that two distinct patterns of tendon vascularity co-exist 

within the rabbit's flexor digitorum profundus tendons.

• This technique can be used in different species.

• This technique is ideal for the quantitative study of neovascularisation in

different repair models.

• That the hind tendon of the rabbit should be used in future for the study of

tendon healing in the in vivo and in vitro setting.
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CHAPTER 5

RESULTS

THE INVESTIGATION OF TENDON 
SURFACE CELL MOTILITY IN RESPONSE TO

INJURY IN VITRO
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5.1 Introduction

In vitro studies used in tendon research broadly fall into two categories. Cell isolates 

from different sites and sub-populations can be cultured and used to evaluate their 

differences in response to controlled changes in the artificial environment. The other 

broad method of in vitro tendon study is whole organ culture. Here, growth media 

can support segments of whole tendon. The tissue response to controlled 

manipulations with the environment can therefore be studied (Carpenter et al., 1999). 

Cell proliferation, migration and subsequent tendon healing have been described in 

organ culture (Becker et al., 1981; Gelberman et al., 1984; Manske et al., 1984). The 

study by Becker used segments of chicken sublimis tendons with 2mm dermal punch 

holes through the centre. They were placed in culture media supplemented with 

foetal calf serum. One half of the tendons had a plasma clot added to the punched out 

defect. They observed tendon cell proliferation and migration in both samples, 

however in those tendons with the clot, proliferation and migration were observed at 

48 hours whilst in those segments without, proliferation started at 4 to 6 days.

During the first two weeks in culture, epitenon cells have been shown to proliferate, 

migrate and encapsulate the tendon segments (Mass and Tuel, 1989). They also have 

a role in collagen production in culture at an even earlier time-point than core

derived fibroblasts (Russell and Manske, 1990). Additional work on flexor tendon- 

derived cell culture has highlighted inter-species similarities. Human and rabbit 

endotenon explants produced confluent monolayers and by 5 weeks culture, both 

rabbit and human-derived cells showed rapid increase in collagen type I synthesis 

with time (Evans and Trail, 1998). Khan et al., (1998) have used rabbit tendon sub

population culture techniques to highlight differences in their relative activity. He 

showed flexor-derived endotenon cells were less reactive than the fibro-osseous 

sheath fibroblasts as measured by collagen lattice contraction.

Although evidence of cell proliferation and migration of epitenon cells has been put 

forward from experiments in tendon culture, no one has performed a quantitative 

histological analysis of early cellular response to tendon injury. We therefore 

undertook this experiment utilising the previously described punch biopsy model 

(Becker et al., 1981) and adapted it for use with the rabbit. In addition the key 

reactive cells from the surface of the tendon have never been labelled. We therefore
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utilised a vital fluorescent dye, the fluroscein-based, Cell Tracker™ Green (4- 

chloromethylfluroscein diacetate (CMFDA)) to selectively label surface derived 

fibroblasts.

5.1.1 Aims

• To chart the early surface cell response to surgical injury, using an in vitro organ 

culture model.

5.2 Materials and methods

The early surface cell response to injury in the in vitro setting was studied in the deep 

flexors of the New Zealand White rabbit over the course of seven days. Tissue was 

isolated in the manner described in section 2.3.1 and the experiment conducted as set 

out in 2.3.2. Longitudinal paraffin sections were cut and the cell counts within the 

vicinity of the punch biopsy injuries and cut ends were determined from Hand E 

specimens using a 500 by 500 micrometer grid (section 2.3.2). Comparisons of 

counts with time were made.

As one of our aims was to delineate surface derived fibroblasts in vivo and follow 

their early response to tendon injury, refinement of the staining protocol was 

conducted in the in vitro setting (see section 2.4.2). We assessed the merits of Cell 

Tracker™, a fluroscein-derived vital dye in delineating fibroblasts for up to 7 days.

5.3 Results

5.3.1 Early cellular response to in vitro injury -  H  and E  Study

We examined the early cellular response to two different types of tendon injury as 

previously described. With respect to the middle punch injury, cell counts were 

performed from surface to core, in 100-micrometer columns adjacent to the wound 

as show in figure 5.1a (The raw data is in Appendix II). Figure 5.1b shows how cells 

were dispersed over a 500pm depth in the vicinity of the punch injury. At time point 

0 (controls), one can see that the first 100pm contained the densest population of 

cells, at least twice as many as any other depth. With advancement into the tendon 

substance, cell number rapidly decreased until approximately 300 to 400pm at which
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Figure 5.1 The effect of punch biopsy injury on cell distribution with time, from 
tendon surface to core, (a) Shows the orientation of the counts within the grid in 
100pm columns from the surface to the core, (b) Illustrates the change in cell 
number with depth into the tendon and at different time points. The error bars =1 
Standard Deviation. Significant differences between Day 0 and Day 7 counts are 
shown. □ = Day 0 ■ = Day 3 0 =  Day 5 0 =  Day 7.

134



Chapter 5

a

120

I  100
CQ
L.

O- 80C/l
s  
*0

ss se08
g  20

60

40

P < 0.05

n
P < 0.05

0-100 100-200 200-300 300-400

Distance from edge of punch injury (pm)

Figure 5.2 The effect of punch biopsy injury on cell distribution with time, from the 
edge o f the injury into the tendon, (a) Shows the orientation of the counts within the 
grid in 100pm rows from the edge of the injury and perpendicular to those of Figure 
5.1. (b) Illustrates the change in cell number with depth into the tendon and at 
different time points. The error bars =1 Standard Deviation. Significant differences 
between Day 0 and Day 7 counts are shown. □ = Day 0 ■ = Day 3 □ = Day 5 □ = 
Day 7.
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point, further decreases in ceil number with depth were not apparent. The only 

deviation from this trend was seen in the most superficial layer of the tendon in the 

vicinity of the cut. Here, there was initial decrease in number at day three followed 

by an increase in cells in day five and seven but the counts did not reach that of day 0 

rates. Statistical comparison of the change in cell count over a week was performed 

at all depths using a students-t test. From this we found there to be a significant 

decrease in cell counts from day 0 compared to day 7 at the subsurface 200-300 and 

300-400 micron level (p < 0.05 and p < 0.001 respectively). Comparison of cell 

counts perpendicular to the above, that is counting cells in 100 micron rows from the 

punch hole back in to the tendon substance were performed in order to highlight any 

hyper or hypocellularity in response to the trauma. Figure 5.2 graphically depicts the 

change in cell number with time and distance away from the punch hole. Counts 

were measured in 100pm rows. At 0 to 100pm from the injury, there was a 

hypocellular area, which was seen on all days looked at. Beyond this band (further 

away from the punch injury) there was no real change in number when comparing 

counts from the same day. Statistical comparison of counts at 0 to 100pm were made 

to those of 100 to 200pm rows, (Day 0 p < 0.01, day 3 p < 0.01, Day 5 p < 0.05, Day 

7 p = 0.053). There was a noticeable pattern to the change in cell number with 

increasing time from the injury, at all depths. The greatest number of cells seen at 

any time point was at day zero. By day 3 the numbers had fallen, only to increase by 

day five. Over the next 2 days counts fell again to their lowest at day 7. Cell count 

reduction from day 0 to day 7 was significant only at 100-200 and 300-400pm (p = 

0.012 and p = 0.027 respectively) away from the punch injury.

In order to see if a different type of injury had the same early cellular response, the 

same type of cell counts and analysis were performed at one of the cut ends of the 

segment (Appendix II). This was cleanly made at the time of harvest with a size-11 

surgical blade. Figure 5.3 shows the cell counts measured from surface to core, in 

100pm columns in the immediate vicinity of the cut end. The cell counts decreased 

with distance into the tendon. This general trend was seen at all time points. There 

was however no discernible pattern to the change in cell counts at increasing time
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Figure 5.3 The effect of a cut end injury on cell distribution with time, from tendon 
surface to core, (a) Shows the orientation of the counts within the grid in 100pm 
columns from the surface to the core, (b) Illustrates the change in cell number with 
depth into the tendon and at different time points. The error bars =1 Standard 
Deviation. Significant differences between Day 0 and Day 7 counts are shown.
D = Day 0 ■= Day 3 □ = Day 5 0  = Day 7.

137



Chapter 5

a
Jflll-----

120

tA
U
a.
%
1
im

E
3
S
33»

100

80

60

40

0-100 100-200 200-300 300-400

Distance from the end cut (pm)

Figure 5.4 The effect of a cut end injury on cell distribution with time, from the edge 
of the injury into the tendon, (a) Shows the orientation of the counts within the grid 
in 100pm rows from the edge of the injury and perpendicular to those of Figure 5.3. 
(b) Illustrates the change in cell number with depth into the tendon and at different 
time points. The error bars =1 Standard Deviation. Significant differences between 
Day 0 and Day 7 counts are shown. O = Day 0 ■= Day 3 □ = Day 5 □ = Day 7.
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points per level. In fact comparisons between counts at day 0 and day 7, were not 

significantly different at any of the levels. When we looked at the perpendicular 

counts in 100pm rows from the cut, a relatively hypocellular band was seen adjacent 

to the edge (Figure 5.4). Subsequent depths had approximately double the cell 

number no matter what time point from the injury. Statistical comparison between 

the O-lOOpm row and the deeper 100-200pm row was made at all time points. There 

was a significant reduction in cell number immediately adjacent to the cut in all but 

day 7 time points (Day 0 p < 0.05, day 3 p < 0.001, Day 5, p < 0.05, Day 7 p = 

0.134).

5.3.2 Determination o f optimal concentration and time o f application o f Cell 

Tracker'^^

Cell Tracker™ is a vital dye used to stain viable cells and follow their migration. In 

order to determine the correct concentration of dye to use for cell staining, tendon 

sections were incubated with 5, 10 and 15pm of Cell Tracker ™ for 5 minutes. Figure 

5.5a-c shows a representative image of stained tendons. The tendon substance itself 

had a degree of auto-fluorescence when examined with a FITC filter set. As this was 

a lighter shade of green, the Cell Tracker™-stained cells could still be visualized 

against a paler background. Staining appeared relatively week at 5pM. However, 

staining was much stronger at lOpM. Concentrations above lOpM did not 

significantly enhance the staining. All concentrations only labelled surface tendon 

cells, under the conditions used. Incubation of tendons in Cell Tracker ™ for longer 

than 5 minutes, resulted in deeper penetration by the dye and labelling of core cells 

(data not shown) In view of these findings, all tendons were labelled with lOpM Cell 

Tracker™ for 5 minutes in all subsequent experiments. In order to study cell 

migration only surface cells were to be visualized. However as Cell Tracker™ maybe 

degraded over time another series of experiments were performed to determine the 

half-life of Cell Tracker™ in vitro. Pre-stained tendon blocks were incubated in 

liquid culture media for up to 1 week (Figure 5.6 a-d). At every time point studied, 

evidence of surface-cell staining could be seen. Even at 7 days the cells were still 

readily visible, although some sections were noted to appear less intense. 

Interestingly, when this experiment was repeated using segments that had been 

injured with a mid-punch biopsy, several Day 5 and 7 specimens were found to
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a

Figure 5.5 The effect of Cell Tracker™ concentration on tendon cell visualisation. 
Whole tendon segments were stained for 5 minutes with 5, 10 and 15pM (a-c) 
respectively prior to cryosectioning (10pm) and image capture using a FITC filter. 
Each image is shown at a magnification of x200.
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Figure 5.6 Visualisation of surface tendon cells over time. Tendon segments were 
incuba:ed with lOpM Cell Tracker™ for 5 minutes then placed in liquid media. 
Following 0, 3, 5 and 7 days (a-d respectively), specimens were removed and cells 
visualised after cryosectioning. All images were taken at x400 magnification using a 
FITC filter. S = surface, C = core.
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contain stained cells that appeared to be dipping into the sub-surface region in the 

vicinity of the injury (figure 6.7). This phenomenon was rare in the sections observed 

and therefore full analysis was not undertaken. Cell Tracker™ forms an impermeable 

substance once it has been taken up by the cell. We therefore performed a series of 

experiments to determine whether this substance interfered with reorganization of the 

active cytoskeleton thereby impairing cell migration. Tendon segments were stained 

and injured in the manner described. They were then inserted into a supportive 

collagen gel over which liquid media was placed. The gel provided both a 

chemotactic stimulus and a medium through which fibroblasts could be seen to 

migrate. We found that migration of labelled cells began at day three and continued 

until the end the experiment at seven days. In this pilot experiment, the cells labelled 

with Cell tracker™ could only be seen under the fluorescent light up to 3 days. Gels 

surrounding the tendon blocks contained migrating surface fibroblasts. Figure 5.8 

shows the gel at 7 days. The fibroblasts are streaming out from the surface, with their 

morphology and migration appearing not to have been affected by the vital dye 

labelling.

5.4 Discussion

Our desire to understand fully the process of tendon healing has resulted in the 

development of a number of different in vitro models. This has allowed certain 

aspects to be studied in isolation, whilst other variables are controlled. Although this 

creates an artificial situation, the development of a reliable and reproducible model, 

which reflects the in vivo setting, is the goal. They are conducted in 2 main ways. 

The first is to support tendon segments in culture. Observations using this 

methodology by Becker et al., (1981); Lundborg et al., (1980); Manske et al., 

(1984); Manske et al., (1985); Mass and Tuel, (1989); Mass and Tuel, (1990); Rank 

et al., (1980) were put as arguments for intrinsic capacity of the tendons to heal. It 

was found however that in vitro healing progressed at a slower, less regulated 

fashion than its in vivo counterpart. The other method is to grow isolated cells in 

culture. They are acquired from tendon blocks either by enzyme digestion, tissue 

maceration or by the more popular method of explanting.

The majority of in vitro experiments have been conducted over a long time course.
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C U T

Figure 5.7 Labelled surface cell response in vitro to surgical injury. Tendon 
segments were incubated with lOpM Cell Tracker™ for 5 minutes, washed and then 
iijured with a 2mm surgical punch biopsy. Following 0, 3, 5 and 7 day's incubation 
it liquid media the specimens were removed and cells visualised with a FITC filter 
a t̂er cryosectioning. All images wrere taken at x400 magnification. At 5 days (a) 
cells appeared to be starting to dip tco the cut. At 7 days (b) stained cells appeared to 
be migrating through collagen fibrils; to get to cut surface.
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Figure 5.8 Surface cell migration of cells labelled with Tracker Dye™ in a collagen 
gel. Tendon segments were incubated with lOjiM Cell Tracker™ for 5 minutes and 
then place in a collagen gel covered with liquid media. Evidence of fibroblast 
migration and assessment of morphology was performed at 0, 3, 5 and 7 days, (a) 
x200 image showing surface fibroblast migration into the collagen gel substance at 
day 7 (b) x400 image.
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with cellular response to injury measured for up to 12 weeks after the insult. Variable 

accounts as to timing of epitendinous proliferation and subsequent migration can in 

part be explained by different animal models and different modes of repair. Almost 

all of the accounts fail to describe the first seven days in vitro after injury. Three 

notable exceptions produced varying accounts; Rank et a l, (1980) found sectioned 

and subsequently sutured tendon segments from rabbit retained normal structure 

apart from the superficial cells, which had a structure similar to 'active fibroblasts' 

after 7 days. They took this to indicate the ability to synthesise protein. Becker et al., 

(1981) punch biopsied chicken superficial flexor tendons, which were then placed in 

liquid culture, found cells at the cut margin of the window started to actively divide 

at 4 to 6 days, although no account of when they started to migrate was given. In 

contrast when they added a clot to the window they found active migration 

commenced at 48 hours, with confluence reached at 3 weeks. They did not commit 

any segments for histological assessment. Mass and Tuel (1989) put human tendon 

segments into culture without inflicting additional injury. Using scanning electron 

microscopy, they noted surface cell layer thickening at one week, although it took 2 

weeks for these cells to start migrating to the cut ends and beginning to cover the 

exposed collagen.

The early cellular response to tendon injury in vitro has not been the subject of a 

quantitative histological assessment over the first 7 days following insult. Two types 

of injury, a punch biopsy and a clean end cut were compared. We found that over the 

course of seven days, there did not appear to be a significant change in cell number 

within lOOjLim of the surface, both at the punch injury or the cut end. The surface cell 

numbers near the end of the segment stayed constant over 7 days (figure 5.3) whilst 

there was a slight drop in number near the window (figure 5.1). Cell counts were also 

performed in columns at deeper layers. In both types of injury there were fewer cells, 

deeper into the tendon. Between 200 and 400pim into the tendon in the vicinity of the 

punch biopsy, cell counts were significantly reduced on day 7 as compared to day 0 

(200-300 microns p < 0.05, 300-400pim p < 0.001). There was no such trend in 

deeper layers at the cut end. These findings are in direct contrast to those published 

which give a cursory qualitative description of surface proliferation within the first 7 

days of in vitro healing (Gelberman et al., 1984; Manske et al., 1984). In addition
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whilst the most superficial 100 |im layer was the most cellular, its cellularity actually 

decreased over the first 7 days post injury when adjacent to the punch injury 

although this trend was not significant. The fact that the cell count in this layer at the 

cut end remains constant with time suggests that surface cells respond in different 

ways to different injuries. This could explain the variety of observations made on in 

vitro healing, which in an attempt to clarify the picture has only added to the 

confusion.

One interesting finding that was common to both types of injury was highlighted by 

counting cells in lOOfxm rows from the site of injury into the adjacent tendon 

substance (the counted bands were therefore conducted at 90 degrees to the first set 

of counts). They highlighted a relatively hypocellular band within the first 100p,m 

from either the window, or the cut end. The counts in this band increased with time 

at the cut end (figure 5.4) whilst there was a decreasing count trend with time in the 

punch biopsy injury region, although neither were significant when comparing day 0 

to day 7. These hypocellular bands adjacent to the 2 types of injury were 

significantly less cellular in comparison to counts from the 100-200 micrometer band 

away from the injury. This may be a consequence of inflicting injury, which causes 

necrosis or apoptosis to cells of all layers within the immediate zone. This supports 

the in vivo findings of Kakar et al., (1998) where endotenon cells adjacent to the cut 

underwent apoptosis within a week of injury. The fact that this difference is not 

significant by day seven, could point to the beginning of in vitro cell proliferation or 

even migration, in fact we may have seen migration in a Cell Tracker™ pilot 

experiment (figure 5.7). Confirmation of this would require additional numbers and 

extended time point analysis.

Surface proliferation and migration is thought to be important in the early stages of 

repair. The findings here, indeed support the statement of Abrahamsson, (1991) that 

in vitro healing progresses at a slower, less ordered manner than its in vivo 

counterpart. With this in mind, we felt the investigation into early cellular response 

to a standard injury must therefore proceed within an in vivo model. Our goal to 

delineate surface cells required refinement in vitro prior to its use in vivo. To this end 

we performed several pilot experiments on surface cell labelling with the vital dye
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Cell Tracker^” . We found that in the in vitro setting, this dye produced visible 

staining of the outer cellular layers for up to 7 days. It was found however at 1 week 

post application, the dye stained cells were less intense. This could be the result of 

one, or several factors. The fading may be as a result of dye degradation, cellular 

metabolism, dilution between daughter cells or dye dispersion following death of the 

cell. Surface cell migration was still able to take place when stained at the 

predetermined concentration and time of application (figure 5.8). The morphology of 

migrating fibroblasts displayed similar leading and trailing processes in the line of 

movement. In several specimens at day 5 and day 7, stained cells could be seen 

dipping deeper into the tendon substance in the vicinity of the cut. This potential 

migration has been reported to take place at an earlier point in the in vivo setting. 

With this in mind attention was turned to an in vivo animal model in an attempt to 

further explore the early surface cell response to tendon injury.

5.5 Conclusions

• Early in vitro cellular response to tendon injury depended in part on the nature of 

the insult.

• There was a hypocellular zone adjacent to both types of injury, the cell counts 

from which were significantly less than counts from deeper zones.

• The surface layers were the most cellular areas of the tendon but there was no 

evidence of surface fibroblast proliferation in response to injury within the first 7 

days in vitro.

• Cell Tracker™ reliably delineates surface fibroblasts and does not prevent 

migration in vitro.

5.6 Potential areas o f further research

Data presented in this chapter show that the cells on the tendon surface can be 

reliably and reproducibly stained in vitro, whilst actual proliferation and migration 

does not appear to take place in the early phases of tissue repair (following injury). 

Subsequent studies presented in chapter 6 sought to visualize cell migration in vivo 

in response to injury in an attempt to delineate mechanisms of tendon repair.
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CHAPTER 6

RESULTS

THE INVESTIGATION OF CELL MOTILITY IN 
RESPONSE TO TENDON INJURY IN VIVO
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THE INVESTIGATION OF CELL MOTILITY IN RESPONSE TO INJURY 

IN  VIVO

6.1 Introduction

With the advent of new techniques such as immunohistochemical localisation and 

collagen assays, the classical concepts of extrinsic versus intrinsic healing have been 

re-examined. Recently distinct differences have been found between the surface and 

core fibroblasts of the tendon. At the outset, the epitenon layer after injury shows 

greater vascularity, cellular and biochemical activity than the inner core cells. 

Gelberman et al., (1992) using mRNA probe techniques found a greater surface layer 

procollagen expression, thus the epitenon produced relatively more collagen in the 

initial stages of repair, compared with the endonenon. Additional advances in the 

understanding of tendon healing have come from immunohistochemical studies. 

Khan et at., (1996) used monoclonal antibodies for localizing specific inflammatory 

markers and showed that both the synovial sheath, and the surface of tendons were 

relatively more reactive in the early period post insult, compared to the core. He also 

showed that during the early stages post injury, endotenon cells undergo apoptosis. 

However by 12 weeks, the core starts to show hypercellularity. With further work, he 

showed that at least in the in vivo setting, fibroblasts from the core were both less 

reactive and less aggressive than those derived from fibro-osseous sheath as 

measured by extent of collagen lattice contraction. This led them to conclude that the 

more reactive sheath cells may be involved in the initiation and perpetuation of 

scarring at the injury site (Khan et at., 1998). Previous authors have noticed a 

difference in sub-populations of fibroblast following injury to the tendon. Epitenon 

cellular proliferation and subsequent appearance of migration into the cut has been 

described both in in vivo models (Gelberman et al., 1991; Gelberman et al., 1983; 

Lundborg and Rank, 1978; Manske et al., 1985b) and in the in vitro setting 

(Gelberman et al., 1984). All these observations were made on the basis of 

haematoxylin and eosin or Masson’s stains in paraffin sections. All qualitative 

descriptions apart from one have been on samples that were at least eleven days post 

insult. The only description of surface cell response within one week to injury was 

by Gelberman et al., (1991). He noted at three days that the epitenon fibroblasts 

proliferate and appear to migrate towards and into the wound. Inflammatory cell

149



Chapter 6

presence in the cut at this time was also noted. There was no comment as to the 

cellular destination once inside the cut. He found maximal surface cell migration at 

day seven correlating it to the high levels of fibronectin at that time point. With the 

observations of Gelberman et al., (1991) in flexor tendons and Iwuagwu and 

McGrouther, (1998) in extensor tendons, it has become apparent that surface 

fibroblasts respond at an earlier stage to injury than previously thought.

To date no one has specifically labelled the surface fibroblasts to follow their exact 

pattern of migration. In order to do this, the surface cells were stained with either 

Cell Tracker™ a fluoroscein-based vital dye or Dil, a fluorescent lipophilic 

membrane stain. The latter has been used to study the morphology of tenocytes in the 

rat flexor tendon; McNeilly et al., (1996) used confocal microscopy to analyze Dil- 

stained cells. It highlighted an elaborate system of segmental tunnels in which 

tenocytes maintain communication.

6.1.1 Aims

• To label viable surface fibroblasts prior to insult within the zone of injury.

• To chart their response to surgical injury over the coarse of seven days.

6.2 Materials and methods

Visualisation of fibroblast migration from the surface of tendons was investigated in 

the response to injury in vivo. Surface cells were stained with either Cell Tracker ™ or 

Dil as detailed in section 2.4. Their response to partial tenotomy was followed over 

the course of a week. For comparison total cell migration in response to partial 

tenotomy was studied using H and E staining as detailed in section 2.4. Cell counts in 

the vicinity of the injury were performed in a 400-micron grid both across the defect 

in columns, and from superficial to deep in rows as detailed in section 2.4.4. 

Preliminary studies into early cellular apoptosis and proliferation as well as 

differential inflammatory response to injury were conducted at 0, 1, 3, 5, and 7 days 

as detailed in section 2.4.5.
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6.3 Results

6.3.1 Tendon surface fibroblast migration - the use o f Cell Tracker ™

In view of the encouraging staining obtained with Cell Tracker^" in vitro (Chapter 5) 

it was applied to the in vivo setting. In order to confirm that the vital dye was taken 

up by viable surface fibroblasts, in vivo co-localisation studies were performed. 

Figure 6.1a, shows the resultant Cell Tracker™ staining of the surface fibroblasts 

from the lower right quadrant of a tendon cross-section. Counter-staining the same 

section with Propidium Iodide (figure 6.1b) confirmed that the vital dye was confined 

to surface layers of cells. It therefore could be used to follow their patterns of 

migration in response to injury in vivo. Whilst the surface fibroblasts of sections 

from day 0 (Figure 6.2) and day 1 time points did stain with Cell Tracker™, total 

circumferential staining was poor and at subsequent time points visualisation of 

stained surface cells was impossible. No improvement was made with increasing the 

dose to the maximum manufacturers recommended concentration (25 pM) and 

increasing the time of application from 5 to 15 minutes. Even at the earliest time 

point circumferential staining was impossible to achieve. We concluded that Cell 

Tracker™ was unsuitable for use in this study.

6.3.2 Tendon surface fibroblast migration - the use o f  DU

Dil is lipophilic membrane dye, once it is taken up, it undergoes a certain amount of 

lateral diffusion allowing the whole of the cell to be visualised (figure 6.3). 

Confirmation of Dil localization in cells is shown in figure 6.4a and b. There was a 

maximum of 30 tendons available for assessment. Actual analysis was performed on 

26 tendons. In four of the samples adequate cryosections were unobtainable. This 

was either due to freeze-thaw artefacts or excessive specimen fracture on sectioning. 

Data was therefore collated from 5 tendons (day 0, 3, 5 and 7) and from 6 tendons 

(day 1) (Appendix 11). Figure 6.5 a-d illustrates the changes seen in cell distribution 

with time. These photomontages are derived from one tendon per time point but are 

representative of each group. Figure 6.5a shows that there are no cells present within 

the cut at time point 0. By day 3 (figure 6.5b), cells have 'migrated' into the cut and 

have started displacing laterally into the core substance. Deeper penetration of 

labelled cells was observed at day 5 (figure 6.5c). By one week after injury, there
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Figure 6.1 Co-localisation of Cell Tracker™ stained cells with Propidium Iodide.
(a) Seescan Image Capture of lower right quadrant of tendon cross-section stained 
with Cell Tracker™ (lOpM) highlighting the surface cells, (b) The same section 
counter stained with Propidium Iodide (1 in 40). The nuclei of all cells are delineated 
confirming that the Cell Tracker in A is indeed within cells.

Figure 6.2 Surface fibroblast staining with Cell Tracker™. This day 0 tendon 
transverse section has a partial tenotomy injury through the middle (cut). The Cell 
Tracker™ staining of the surface layers of fibroblasts can be seen on the lateral 
aspects of the tendon cross section Right > Left (arrowheads). There are no 
discernable fibroblasts labelled in the central surface region.
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Figure 6.3 Surface fibroblast staining with Dil. Day 0 transverse section of rat flexor 
tendon, showing the surface cells labelled with Dil (lOfiM). The fibroblast processes 
can be seen projecting towards the processes of cells from different rows 
(arrowheads).

a

% , ,

b

Figure 6.4 Co-localisation of Dil stained cells with H and E. (a) Seescan image 
capture of lower right quadrant of tendon cross-section stained with Dil (lOpM) 
highlighting the surface cells moving into a cut at day 5. (b) The same section 
counter stained with H and E. The nuclei of all cells are delineated confirming that 
Dil is localized to cells of the tendon. The arrowheads highlight the same sub
populations of cells in both and b.
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Figure 6.5 Montages of Dil-stained tendon cross section i/i vivo, a to d represent cross sections with the partial tenotomy cut marked at days 0, 
3, 5 and 7 respectively. Each montage is outlined for orientation, FDS = flexor digitorum superficialis, FDP = flexor digitorum profundus.
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appeared to be a reduction in stained cells within the cut, although there was still 

some lateral displacement into the substance of the tendon (figure 6.4d).

Average cell counts per time point were taken across and down the cut using a 400- 

micrometer grid (figure 6 .6a). This gave an indication of the changing profile of 

stained cells over time. Three-dimensional bar graphs were plotted for each direction 

of count. Figure 6 .6b demonstrates the cellular profile across the tendon with the cut 

centred, thus indicating the degree of lateral displacement of stained cells with time. 

At day 0, the number of stained cells along the surface of the tendon, appeared 

evenly spread. Interestingly the cell counts either side of the cut did not fall to below 

basal day 0 levels at any point over the time course of the experiment. At 24 hours, 

the number of stained cells increased in the vicinity of the cut, forming a bell shaped 

curve over distance. By day 3-post injury, the cellular profile showed increases in 

cell number over an area within the cut and up to lOOpim from it in either direction 

indicating the start of lateral movement from cut to the core. This lateral shift was 

maximal at day 5 as represented by the photomontage (figure 6.5c). By one-week 

post injury, less stained cells appear in the cut with less associated lateral 

displacement. In order to dissect the cellular migration patterns more closely, cell 

counts at different positions from the cut were compared to their counterparts over 

different time intervals, with t = 0 as a control. 24 hours post injury, the number of 

stained cells within lOOpim either side of the cut had approximately doubled (to the 

left of the cut by 200%, to the right 253%) when compared to basal day 0 levels (p < 

0.01) (figure 6.7a). Significant rises in cellular presence, were also seen at some 

distance either side of the cut at -100 to -200p,m and 100 to 200 |im, although these 

levels represent rises of 34% and 117% respectively. Figure 6.7b demonstrates the 

cellular profile 72 hours post injury. The number of cells at -100 to 0|im  and 100 to 

200|bim from the cut have more than doubled compared with t = 0 (126% (p < 0.05) 

and 110% (p < 0 .01) respectively), whilst the 0 to 100p,m band from the cut 

demonstrated a more dramatic change in cellular profile. The number of stained cells 

in this region is 235% more than the number present at t = 0 (p < 0.01). By day 5, 

cell movement into and around the cut had reached peak levels (figure 6.7c). 

Increases in the presence of stained cells range from 310% to 415% between -100 to 

O îm and 0 to lOOpim (p < 0.001 and p < 0.01) respectively. However after this time
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Distance from the cut in pm
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Figure 6.6 Cellular profile across the partial tenotomy, (a) shows the 400- 
micrometer grid centered on the vertical tendon cut. Counts in columns were 
performed. The change in cell count per column over time is shown in (b). The 
middle of the graphs X axis is centred on the vertical cut. □  = day 0 ■  = day 1
□  = day 3 □  = day 5 E  = day 7.
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Figure 6.7 Cell count comparison between day 0 and subsequent time points across 
the tendon window, (a) Comparison of cell counts between day 0 —  and day 1 —  
(b) Comparison of cell counts between day 0 —  and day 3 Error bars = SD.
* = p < 0.05, ** = p < 0.01, *** = p < 0.001.
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point, localisation of stained cells over the -200 to 200p,m area assessed, appeared to 

change markedly. Figure 6.7d represents this change in cellular profile at day 7-post 

injury. Numbers of stained cells -100 to +100p,m encompassing the cut itself and the 

area immediately adjacent to it, had markedly decreased compared with day 5. These 

decreases represent a 63% and 66% reduction over -100 to Opim and 0 to lOOfxm 

respectively. The counts in this region at day 7 lie nearer to the values determined at 

day 3-post injury. Despite these decreases, cell numbers over the -100 to + 100pm 

area remain elevated compared to pre-injured levels (t = 0) although the cellular 

profile more distant from the cut, up to -200 or +200pm, have returned to baseline 

levels by day 7.

Assessment of cell movement from the superficial layer of the tendon to deep layers 

was carried out using the same 400-micrometer grid, with cells being counted in 

rows (figure 6 .8a). Changes in cell numbers with depth are shown in figure 6 .8b. At 

day 0, all stained cells appeared to be concentrated within a 150-micrometer band 

from the surface. No dyed cells were seen at deeper layers at this control point. This 

width takes into account not only several layers that are stained (see figure 6.4a), but 

also the natural contour of the tendon. The cross-sectional shapes of tendons are 

known to change shape in man, and we have shown there to be variance with 

position in the rabbit (chapter 3), similar changes were observed in the rat. The injury 

was between the A1 and A2 pulley; at this point in both rabbit and man the tendon is 

oval with a longitudinal central sulcus. This dip in the rat could artificially increase 

the width of the stained band of cells at day 0. At 24 hours more cells were amassed 

in the surface areas around the cut, with a few dipping deeper down into the cut. The 

profile of stained cell position altered further by 72 hours post injury. Whilst counts 

on the surface were equivalent to day 0 controls, those taken from deeper in the 

tendon were higher than both day 0 and day 1. Dye tagged cells were now seen at 

300 to 400pm from the surface. The most pronounced profile change from t = 0 was 

seen at day 5. Surface cell numbers were comparable to the relatively high counts 

found at day 1, whilst more dyed cells were seen at all deeper levels than previous 

time points. Interestingly, as with lateral cell counts at day 7, counts from superficial 

to deep had reduced at 1 week post injury, with a profile more in keeping with day 3. 

In order to explore these patterns of cell movement further cell counts from different
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Figure 6.8 Cellular profile across the partial tenotomy, (a) shows the 400- 
micrometer grid centered on the vertical tendon cut. Counts in columns were 
performed. The change in cell count per column over time is shown in (b). The 
middle o f the graphs X axis is centred on the vertical cut. □  = day 0 ■  = day 1 
□  = day 3 □  = day 5 ® = day 7.
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time points were again compared to their counterparts from the t = 0 control values. 

Figures 6.9 a-d show the comparison of cell counts between the different time points 

and the controls, at their corresponding depths. Apart from the most superficial 100 

microns, all deeper cell count bands were significantly higher for each time point 

when compared to day 0. From figure 6.9a, it can be seen that cells were only stained 

up to 200pm deep at t = 0. Subsequent depths had no dyed cells present. In 

comparison, comparable counts 24 hours later showed an increase of 110% and 

185% at 0 to 100 pm and 100 to 200pm respectively, the latter of which was 

significant (p < 0.01). Dyed cells were visible within deeper layers even at this early 

time point. Comparison to the absence of dyed cells at t = 0 showed a significant 

presence of dyed cells at 200 to 300 and 300 to 400pm (p < 0.01 and p < 0.05 

respectively). Interestingly by day 3 (figure 6.9b), counts within the most superficial 

100pm were lower than those of the control, although not significantly so. However 

at 100 to 200pm counts were 132% higher than day 0 (p < 0.01). This actually 

represented a reduction of 23% from the equivalent day 1 values. All deeper layers 

had stained cells present at significant levels compared to the controls (200 to 300pm 

(p < 0.01), 300 to 400 (p < 0.01)). As found with the previous orientation of 

counting, day 5 counts showed the biggest differences to the control time point 

counts (figure 6.9c). Between 0 to 100pm there was an insignificant drop of 21% in 

dyed cells present. 100 to 200pm however saw a 200% increase in the presence of 

stained cells (p < 0 .01) whilst a significant number of dyed cells were again present 

at 200 to 300 and 300 to 400pm (both p < 0.01). By one-week post injury, dyed cell 

counts had fallen from their equivalents at day five by 55%, 29%, 53% and 46% 

from superficial to deep to almost exactly that of day 3 counts. Counts for day 7 at 

between 100 and 400pm from the surface were all significantly higher than the 

control counts (p < 0.05, p < 0.01 and p < 0.01 respectively). The comparison can be 

seen in figure 6.9d.

6.3.3 Total cellular response to injury within 7 days - H  and E  counts 

All nucleated cell types, including inflammatory and fibroblast cells were stained 

with the Haematoxylin. The reason for doing this stain was to compare Dil-stained 

cell counts and inflammatory cell counts to the total cell infiltrate in the cut at 

various time points. This would give us the proportion of each cell type in the cut
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with time. Figure 6.10a-d shows typical cross-sections from each of the time points. 

The morphology of the cells was well preserved following cryosectioning therefore 

determination of precise cell images could not be achieved. However a number of 

interesting features can be discerned. Day 0 (figure 6.10a2) shows the morphology of 

the FDP tendon in relation to the surrounding structures as well as the partial 

tenotomy injury. By day 3, cellular influx into the cut and around the tendon itself is 

apparent (figure 6 .10b2). This infiltration seemed to reduce at day 5, but became 

more apparent again at 1-week post injury.

Evaluation of H and E stained cell influx was performed as previously described 

(section 2.4) and represented in figures 6.11a and b. Column cell counts revealed a 

similar distribution within and adjacent to the cut (6.11a) at t = 0 days. Although cell 

numbers increased from day 3 to day 5, this appeared to be generalised across the - 

200 to 200pm area assessed. By day 5, lateral displacement was maximal however a 

generalised decrease in cell localisation became apparent 7 days post injury. 

Assessment of cell profiles perpendicular to the cut i.e. from surface to deep, down 

the line of the injury is represented in figure 6.11b. This figure shows that cells were 

most abundant at the tendon surface with less cellularity, the deeper into the tendon 

although there was a small increase at 350pm. At day three, cell counts were 

elevated compared with t = 0 at all points. By day five a more uniform cellular 

number was present over the 400pm depth of the tendon assessed with similar values 

at superficial and deep layers alike. By one-week post injury, a relatively 

hypocellular area developed 100 to 400pm from the surface, with all counts actually 

less than the controls in all but the very superficial layers.

Comparisons could thus be drawn between stained-surface cell count and total cell 

count in response to a partial tenotomy over the course of a week. Figures 6.12a to d 

plot corresponding counts across the face of the cut with time. At day 0 (figure 6.12 

a) cell number varied little either side of the cut with H and E counts approximately 

400 to 600% higher than Dil stained counts. At the level of the cut there was a 

noticeable reduction in H and E counts with a small increase of stained cells in this 

region. The difference between counts had reduced to 290%. By day 3 (figure 6.12b) 

both counts were following the same trend with slightly greater cell counts in the
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Figure 6.10 The total cell migration in response to partial tenotomy the appearance 
o f tendons in transverse section. The digits are stained with H and E (pm) at 0 and 3 
days (a-b). (1) represents x25 magnification composite specimen showing skin,
superficial and deep tendons and bone. (2) represents xlOO micrograph of transverse 
section o f deep flexor tendon with partial tenotomy. FDP = flexor digitorum 
profundus, FDS = flexor digitorum superficialis.
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x25

Figure 6.10 The total cell migration in response to partial tenotomy the appearance 
of tendons in transverse section. The digits are stained with H and E (pm) at 5 and 7 
days (c-d). (1) represents x25 magnification composite specimen showing skin,
superficial and deep tendons and bone. (2) represents xlOO micrograph of transverse 
section o f deep flexor tendon with partial tenotomy.
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Figure 6.12 The comparison of surface stained counts with total cellular count 
across the partial tenotomy injury at 0, 3, 5 and 7 days (a to d) H  =H and E 
stained cells □  = Dil stained cells

168



Chapter 6

u  20

40 r"'!

a

D i s t a n c e  f r o m  s u r f a c e  ( j i m )

D i s t a n c e  f r o m  s u r f a c e  ( | i m )

D i s t a n c e  f r o m  s u r f a c e  (^ im )

D i s t a n c e  f r o m  s u r f a c e  (^ im )

Figure 6.13 The comparison of surface stained counts with total cellular count 
across the partial tenotomy injury at 0, 3, 5 and 7 days (a to d) ■  = H and E 
stained cells □  = Dil stained cells
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proximity of the cut compared with more lateral counts. By day 5 (figure 6.12c) the 

H and E counts were approximately 300 to 400% more than the corresponding 

surface cells except in the immediate vicinity of the injury where the difference was 

only 150%. At day 7 (figure 6.12d) the profile of full to dyed cell counts were similar 

to day three. The total cell count as determined by H and E at the level of the cut was 

180% greater than dyed surface cell counts alone. Figure 6.13a-d show total and 

surface cell counts performed in the perpendicular direction, from superficial to 

deep. From figure 6.13a, the H and E counts show that the core is slightly less 

cellular than the number of cells in the vicinity of the surface. Interestingly the 

counts for Dil cells at this time were less than half that amount. At day 3 an increase 

in both cells counts could be seen at the sub surface layers. This trend was maximal 

at day 5 (figure 6.13c). By day 7 a general hypocellularity within the deep layers of 

the tendon were seen, whether stained with H and E or Dil. Interestingly at the 

surface layers, there was still an elevated total cell count (H and E).

6.3.4 The early inflammatory cell response to partial tenotomy o f the flexor tendon

We have shown that the composition of cells that migrate into the partial tenotomy 

window changes with time. The additional cellular migration over and above that 

exhibited by surface cells at each time point, may have a varied origin. In order to 

evaluate whether they were inflammatory in nature the pan-leukocyte marker CD45, 

was utilised. This was due to the fact that inflammatory cells could not be identified 

with confidence from H and E stained cryosections alone due to the disturbance in 

cytoarchitecture during the preparation. CD45-positive cells should have a halo of 

dark pink or red, with negative cells only expressing a weakly purple nucleus due to 

the counter stain of haematoxylin. An example is shown in figure 6.14. Tendon 

sections were poorly stained with this antibody with high background staining and 

poor reproducibility, rendering the assessment unreliable.

6.3.5 P 2X 5 and P2X 7 staining for proliferation an apoptosis in response to tendon 

injury

In order to determine whether proliferation and apoptosis were actively contributing 

to tendon repair in addition to migration assessed above, we conducted a preliminary
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Figure 6.14 Delineation of inflammatoiy cellular influx following tendon injury, (a) 
Composite tissue cryosecton stained with CD-45 with tendon highlighted (b) weakly 
positive inflammatory cells are highlighted with arrowheads.
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study. This study into cell fate in response to the partial tenotomy using P2X5 (a 

purinergic marker for cell proliferation) and P 2 X 7  (a purinergic marker for apoptosis) 

were undertaken at different time points (0 to 7 days) for comparison to migration 

studies. Figure 6.15 shows examples of a P2X5 (day 3) and P2X7 (day 5) stained 

tendons post injury. Each example shows a transverse slice through the whole digit, 

thus providing its own internal control of skin. The (xlOO) micrographs show the 

surface skin of the digit from which the tendon is taken. The deep flexor tendon with 

the partial tenotomy is shown (x200). The basal skin layer is positive for P2X5 

(proliferation) and parts of the skin are weakly positive for P 2 X 7  (apoptosis). The 

micrographs (X200) are close-ups of the tendon cut. No P 2 X 5  or P 2 X 7  positive cells 

could be seen. The skin at day 3 was weakly positive for P2X5 and on another sample 

from day 5, strongly positive for P 2 X 7 .  Whilst P 2 X 5  and P 2 X 7  highlighted cellular 

proliferation and apoptosis within the stratified layers of the skin to varying degrees, 

we could not find any evidence to show conclusively that fibroblast proliferation or 

apoptosis was occuring in the vicinity of the cut.

6.4 Discussion

Previous research into the mechanisms of tendon repair of an injury has resulted in 

conflicting theories. The extrinsic concept states that the tendon relies on the 

surrounding tissue to provide a granular infiltrate (Potenza, 1964). This was 

challenged by the contrary view that the tendon actually possesses an intrinsic ability 

to heal itself (Furlow, 1976; Lundborg, 1976; Lundborg and Rank, 1978; Manske et 

al., 1985a; Manske et al., 1984). The majority of recent papers and textbooks on 

tendon repair suggest that both accounts take place to varying extents depending on 

the site and extent of the injury. Recent studies have highlighted a more intricate 

system of repair may take place (Kakar et al., 1998; Khan et al., 1996; Khan et al., 

1998). They have shown that the surface and sheath derived fibroblasts are more 

reactive than the core derived fibroblasts. In addition the core fibroblasts were shown 

to undergo apoptosis in response to tendon injury in the first week of tendon healing. 

Our hypothesis that surface derived fibroblasts are important in the early response to 

injury by migrating into the cut was based on the observation of Khan et al., (1996). 

His predecessors described epitenon cellular proliferation and subsequent appearance 

of migration into the cut in flexor tendon in vivo models (Gelberman et a i,  1991; 

Gelberman et al., 1983; Lundborg and Rank, 1978; Manske et al., 1985b) and in the
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Figure 6.15 The evaluation of proliferation and apoptosis following partial 
tenotomy. The staining was performed on transverse digital cryosections with a 
conjugated FITC secondary antibody, (a) Staining for the proliferative P2X5 
purinergic receptor (Day 3) revealed a weakly positive basal layer of the epidermis. 
Due to the poor quality of the tendons in the composite cryosections it was 
impossible to tell if it expressed this marker for proliferation in response to injury,
(b) Staining for the apoptotic P2X7 purinergic receptor P2X7 (Day 5) revealed a 
positive superficial keratinizing layer of the epidermis. The tendon however was less 
dramatic, what possibly was weakly positive cells could be a result of 
autofluorescence.
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in vitro setting (Gelberman et al., 1984). All these observations were made on the 

basis of haematoxylin and eosin or Masson’s stains in paraffin sections. Their 

qualitative descriptions apart from one have been on samples that were at least 

eleven days post insult. The only prior description of early surface cell response to 

injury was by Gelberman et a l,  (1991). He noted at three days that the epitenon 

fibroblasts proliferate as deduced by increased numbers and appear to migrate 

towards and into the wound. Inflammatory cell presence in the cut at this time was 

also noted. There was no comment as to the cellular destination once inside the cut. 

He found maximal surface cell migration at day seven correlating it to the high levels 

of fibronectin at that time point. Iwuagwu and McGrouther, (1998) used the same 

partial tenotomy model as we have used to study the early response to injury in the 

rat extensor tendon. They found evidence of surface fibroblast migration at 2 days 

from injury. With the observations of Gelberman et al., (1991) in flexor tendons and 

Iwuagwu and McGrouther, (1998) in extensor tendons, it has become apparent that 

surface fibroblasts respond at an earlier stage to injury than previously reported.

We therefore employed a vital dye to delineate the cells residing in the top layers of 

the tendon. After initial encouraging results with Cell Tracker™, a fluorescein 

derived green dye in the in vitro setting (chapter 5), its use for up to seven days in 

vivo proved very limited and an alternative dye was sort namely Dil, a fluorescent 

membrane label. McNeilly et al., (1996) used this dye to delineate core and surface 

fibroblast morphology in unfixed transverse cryosections of rat hindpaw tendons. 

They found that the cells orientated in longitudinal rows have flat sheet-like 

processes, which extend out and reach the processes of fibroblasts within adjacent 

rows (Benjamin and Ralphs, 2000). This observation was seen in our staining of the 

surface fibroblasts (figure 6.3) using the same concentration but bathing the tendons 

with the solution in situ for only 5 minutes.

We have shown that the surface cells start their migratory patterns in response to 

partial tenotomy within 24 hours. Recruitment of cells from either side of the cut 

shown in figure 6.6 starts at this point. This may be a result of migration, 

proliferation or more likely a combination of the 2 processes. If proliferation was 

taking place at this time, it may explain the initial dense staining observed with Cell
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Tracker™, which then decreased as it underwent serial dilution with generation of 

daughter cells (24 hours). We did not see fading of the Dil, which stains a different 

part of the cell, until seven days post injury. By this time cells have poured into the 

cut and spread laterally into the tendon. These surface-derived cells could indeed go 

to replace the endotenon cells that Kakar et al., (1998) has shown to undergo 

apoptosis in response to tendon injury, one week post insult. It is therefore 

conceivable that these core cells respond to injury by entering a programmed cell 

death cycle, which may play a role in the chemotaxis of the more reactive surface 

fibroblasts, initiating the conveyor belt of repair. (Robert Brown at The Tissue 

Repair Lab, University College London (personal communication) suggests that if 

the cells are laying down type I collagen as they migrate, they will weave the repair). 

The fading of Dil at seven days could again be due to division of the cells once they 

reach the core, metabolic irradiation of the dye by the cell, or even apoptosis of the 

surface-derived cells once they have fulfilled their function. This therefore begs the 

question that Kahn’s group may actually have been visualising apoptosis of surface 

derived fibroblasts that had migrated deep into the cut by the end of the first week 

rather than indolent endotenon cells (Kakar et a i ,  1998). We attempted to answer 

some of the questions surrounding fibroblast apoptosis with purinergic markers but 

to no avail. Future work is planned to utilise techniques such as BuDR in order to 

further our knowledge of the potential stimulus for cell migration.

The control tendon (time point 0) was compared to subsequent time points at every 

measurement level. Within 100 micrometer either side of the cut, there was a 

significant increase in cell number from 24 hours onwards (figure 6.7a-d). When 

counts were performed from superficial to deep, there was no statistical difference 

from controls at any time point from 24 hours onwards in the most superficial 100 

micrometer. At all deeper layers up to 400 micrometer (over half way into the 

tendon) significantly larger cell counts were obtained in all time points from 24 

hours compared to the zero time point counts. This could indicate that migration of 

surface fibroblasts into the cut starts as early as 24 hours.

The tendon partial tenotomy window was always analysed on its most superficial 

surface (in contact with the overlying superficial flexor tendon) this side of the 

tendon was cut into, whilst the deeper side was 'cut out of. These may represent
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different injuries and therefore cell counts throughout the whole tendon were not 

assessed. In assessing the superficial aspect of the partial tenotomy, some of the 

fibroblasts may have migrated off the deep side of the overlying superficial flexor 

tendon. Care was taken to stain only the flexor digitorum profundus by pulling it 

clear from the sheath and thorough rinsing prior to its return to the intrasynovial 

environment. Thus any surface derived fibroblast from the FDS, whilst possibly 

present within the cut should not have been stained with Dil. Other workers have 

shown that other subpopulations migrate into tendon cuts very early on in the life of 

the injury. Iwuagwu and McGrouther (1998) described an inflammatory infiltrate in 

the extensor window injury within 6 hours. Our own H and E study on flexor 

cryosections, although hinting at this, did not have enough architectural preservation 

to allow confident cell morphology distinction. The ultimate aim was to find the 

proportion of each sub-population within the cut infiltrate with time. On the 

cryosections obtained in this study, attempts were therefore made to stain leukocytes 

with the pan-leukocyte marker, CD-45. If the resultant cell counts plus those for the 

surface stained cells were equal to those of the H and E staining, it could be argued 

that no additional sub-populations were migrating in over this time point. If however 

their combined total was less than that of the H and E stained cell counts it would 

imply extra cell migration from either sheath fibroblasts or from the underside of the 

superficial flexor tendon. Unfortunately the cryosectioned tendons were very fragile 

and were either lost in part or whole by the end of the multiple staged procedure. We 

did manage to stain leukocytes in several specimens (figure 6.14) but refinement and 

possibly a change to paraffin sections is required.

In an attempt to further unravel the intricate steps of early cellular response to tendon 

injury, we attempted to stain the partial tenotomy tendon model with markers for 

apoptosis and proliferation at all time points. In collaboration with Professor 

Burnstock, head of the Autonomic Neuroscience Institute at the Royal Free Hospital 

Hampstead, we attempted to localise tendon receptors to P 2 X 5  and P 2 X 7 ,  reported to 

be associated with rat epithelial cell proliferation and apoptosis respectively 

(Abbracchio and Burnstock, 1998; Groschel-Stewart et a i ,  1999). Pilot studies 

performed on the partial tenotomy tendon model however have proved inconclusive 

to date although further studies may prove that these markers for cellular events are 

absent in the tendon. Therefore in order to assess proliferation and apoptosis, one of
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the other markers such as Ki 67, P53 or the BuDR technique, should be used.

6.5 Conclusions

• Surface derived fibroblasts migrate into a surgically created window within 24 

hours.

• At subsequent time points, cells not only continue to migrate into the wound 

from the surface, but also spread laterally from the window into the core 

substance.

• This process is maximal at 5 days.

6.6 Potential areas o f further research

Improvement in postoperative outcome following flexor tendon repair will come 

from a multifactorial approach. A thorough understanding of the cellular 

mechanisms of tendon repair will allow the manipulation of existing adjuncts to 

tendon healing. With this in mind, an existing fibrin was tested for its potential 

properties in adhesion reduction using a rabbit flexor tendon model.
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7.1 Introduction

Despite recent advances in surgical technique and materials used, digital tendon repair 

is still complicated by adhesion formation in a significant proportion of cases. 

Adhesions restrict mobility and lead to a reduction in hand function (Gelberman and 

Manske, 1985). Without finger dexterity, at best, the simplest of tasks become a chore; 

at worst, loss of livelihood may result. It is now widely accepted that tendons heal 

both by an intrinsic and extrinsic mechanism the contributions of which vary 

according to the nature, site and extent of the injury. Adhesions were initially thought 

to be a necessary part of the postulated extrinsic healing process (Potenza, 1962) and 

formed in proportion to the amount of tissue injury (Potenza, 1964). In order for 

adhesions to develop, a combination of tendon suturing, immobilisation and, or 

concurrent digital sheath injury are required (Matthews and Richards, 1976). To date 

attempts to reduce the occurrence of adhesions have focused on refinement of suturing 

techniques (Bhatia et a l, 1992; Pruitt et al., 1996; Savage and Risitano, 1989; Silva et 

at., 1998; Urbaniak, 1975) and materials used. In addition the interposition of a 

physical barrier between the tendon and the sheath (Austin and Walker, 1979; Hanff 

and Hagberg, 1998) and sheath replacement have been attempted (Lister, 1985; 

Strauch et al., 1985) with limited degrees of success. Intra-operative topical 

application to the repair site has been performed using a wide range of experimental 

substances. They include dextran 70 (Green et al., 1986), sodium hyaluronate 

(Hagberg, 1992; Salti et a l, 1993; Weiss et a l, 1986), aprotinin (Komurcu et a l, 

1997), 5-Fluorouracil (Moran et a l,  2000), TGF-(31 (Chang et a l ,  2000), and fibrin 

sealant (Frykman et a l,  1993) again with differing results. Finally, active regimes of 

post-operative hand therapy have been proposed in an attempt to restore a functional 

gliding surface free from adhesions (Cullen et a l,  1989; Small et a l ,  1989).

Fibrin sealant has been used for almost a century. It is now regularly used as a surgical 

adjunct for haemostasis within hepatic and cardiothoracic surgery (Chisholm et a l, 

1989; Holcomb et a l ,  1999; Matthew et a l,  1990). In addition it has been shown to 

confer greater reparative strength in the Achilles tendon (Lusardi and Cain, 1994; 

Schlag and Redl, 1988). Several forms of sealant have also been shown to be 

beneficial in the reduction of post-surgical adhesions following peritoneal and uterine 

horn surgery (Evrard et a l,  1996; Takeuchi et a l,  1997). With this in mind, the first 

assessment of its role in the reduction of post-surgical adhesions in digital tendons was
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performed by Frykman et al (1993). Using the rabbit forepaw tendons as a model, they 

concluded that in mobile tendons the repair healed with fewer adhesions, was 

smoother and possessed a greater cellular organisation than those that were mobilised 

but did not receive topical sealant. Application in immobilised repairs did not confer 

such benefit (Frykman et al., 1993). The majority of sealants are synthetic or derived 

from pooled human plasma. There is therefore a risk of foreign body reactions, or the 

transmission of blood born pathogens.

The Vivostat® System examined in this study was developed by Convatec, Skillman, 

New Jersey. The sealant is made from human whole blood. A tendon injury model in 

the rabbit forepaw was chosen. The use of autologous or allogenic rabbit's blood was 

impractical due to the small total circulatory volume of the model used. The human- 

derived sealant used therefore acted as a xenograft.

7.1.1 Aims

• To assess its potential role in the reduction of post surgical adhesions in 

flexor tendons.

• The ultimate goal is to develop a safe and easily made preparation that can 

be used at the time of surgery to improve postoperative outcome by the 

reduction of adhesions.

7.2 Materials and Methods

48 Murex Lop rabbits were used for this study. The animal model is described in 

section 2.5.1. Four operative groups and one non-operated control group were 

included. The standard operative procedure is set out in section 2.5.2. Assessment of 

the potential role of Vivostat® in post surgical adhesion reduction in flexor tendons 

was performed by 2 methods. A Tensiometer was used to measure the force in grams 

required to pull the tendon free from the sheath as an indication of adhesion build-up, 

the details of which are set out in section 2.5.4. Statistical interpretation of the values 

obtained was performed by a fully qualified medical statistician. The tendon samples 

then underwent histological analysis as described in 2.5.5.

7.3 Results

7.3.1 Tensiometer Assessment Results
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Of the 24 rabbits due to be assessed in this manner, one died prior to biomechanical 

analysis. Prior to the pull, the tendon was cut proximal and distal to the injury. The 

initial four tested had their distal cut at the level of the A5 pulley. The middle section 

of the tendon with the injury was therefore still attached to the digit by way of the 

vincular vessels. It was felt that this might give spurious pulls or elevated values that 

could not be solely attributed to adhesion build-up. An amendment to the protocol 

for the subsequent 19 rabbits resulted in the distal cut being made between the A3 

and the A4 pulley, therefore negating the effect of the more distal vincular vessel 

insertion. Each rabbit produced 4 observations, the potential maximum number of 

observations from the remaining 19 rabbits was therefore 76. However, of these, 67 

were suitable for statistical analysis (88%). This was due to either tendon pullout 

prior to recording (n=4) premature tendon snapping in the mobile group (n=3), or 

incomplete distal transection prior to tensiometer pull (n=2). Statistical assessment 

was therefore performed on the following number of tendons per group. Control (n = 

36) Treated Immobile (n = 7) Treated Mobile (n = 6) Untreated Immobile (n = 10) 

and finally Untreated Mobile (n = 8).

The raw tensiometer values for each group are tabulated in appendix 7.1. All 23 

rabbits are included. Having taking into account the amendment to the protocol 

explained above, figure 7.1 represents the raw values of the remaining 19 rabbits. 

The mean, median and standard deviation are shown for each group. Due to the lack 

of normal distribution, the group means and standard deviations are not particularly 

useful summary measures. Even so, comparison of group means to that of the 

unoperated control did reveal differences. The immobile untreated group mean was 

over 22 times greater than the control value. The addition of Vivostat® reduced the 

difference to just over eight times higher than the control. When tendons were 

mobile, the contrast between unoperated control raw mean values and those of the 

operated groups was less striking. The mobile untreated mean was 15 times that of 

the control whereas in the presence of Vivostat®, mean pulls were only three times 

that of the control mean. The addition of Vivostat® therefore resulted in a 79.7%
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a Control Treated
Immobile

Treated
Mobile

Untreated
Immobile

Untreated
Mobile Group

Mean 3.058 25.814 9.350 111.140 46.025
SD 6.256 53.190 19.316 117.130 52.407
Median 0.950 0.300 1.050 70.750 30.500

Figure 7.1 Biomechanical assessment of adhesion development after flexor tendon 
surgery in the rabbit, (a) Box and Whisker plot of tensiometer pulls (g) for each 
group. The box represents the interquartile range. The solid internal line is the 
median and the dotted line is the mean value for the group. The whiskers span the 5th 
and 95th centile. Outlier values beyond these whiskers are plotted individually, (b) 
The descriptive statistics of the raw data for each experimental group.
^  = Control *  = Treated Immobile ^  = Treated Immobile *  = Untreated Immobile 
O = Untreated Mobile.
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reduction in the raw mean if the tendon was mobile and a 76.8% reduction when the 

tendon was immobilised.

Due to the lack of normal data distribution, meaningful interpretation of the raw 

values required application of a logarithmic scale. Table 7.1 shows the geometric 

mean tension values (g) and 95% confidence intervals for the mean per group. 

Comparison was made between operated groups and unoperated controls using 

robust regression analysis (Table 7.2). There was no statistical difference 

demonstrated when comparing the tensions from the Vivostat® treated groups 

(immobilised p = 0.42, and mobilised p = 0.47) to the unoperated control group. This 

indicates there was no significant difference in adhesion formation between 

Vivostat® treated injuries and unoperated controls. There was however, a highly 

significant increase in the tension required to remove the tendons from the sheath in 

the operated untreated groups compared to the unoperated controls (immobilised p < 

0.001, and mobilised p < 0.001) at 14 days. Further analysis of the data shows that 

between the operated groups with the same type of postoperative mobilisation, the 

addition of Vivostat® makes a significant difference (difference between Vivostat® 

immobilised and untreated immobilised p < 0.05, difference between Vivostat® 

mobilised and untreated mobilised p < 0.05). After performing regression analysis on 

the logio transformation of the raw data, the percentage increase in mean tension 

from the unoperated control value was 72% in the treated immobile, 39% in the 

treated mobile, 980% in the untreated immobile and 490% in the untreated mobile 

group.

7.3.2 Histological Assessment Results

In order to correlate the results of the biomechanical assessment, the tendons once 

pulled from the sheath, were put forward for histological examination and scoring. 

The 24 rabbits that were randomised to histological assessment alone have been 

archived and will be subject to in-depth stereotactic microscopy, which is beyond the 

scope of this chapter. The raw assessment scores of each specimen are tabulated in 

appendix 7.2. Statistical comparisons were made between the 4 treatment groups and 

the control on the different parameters. 24 rabbits were available for assessment 

giving a possible 96 tendon samples (four per rabbit). We in fact managed to assess
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Treatment Group 

Unoperated control 

Vivostat Immobilised

Geometric 95% confidence interval 

mean tension for mean tension

1.5

4.7

0.4 to 2.9

-1.0 to 26.3

Vivostat Mobilised 3.2 -0.5 to 12.6

No Treatment Immobilised 45.1 13.0 to 142.0

No Treatment Mobilised 23.4 7.1 to 66.3

Table 7.1 Experimental group geometric mean tension values. These values together 
with their confidence intervals were determined by applying a log(io) transformation 
scale to the raw tension values.

Treatment

Group

Vivostat

Immobilised

Vivostat

Mobilised

No T reatment

Immobilised

No Treatment

Mobilised

Unoperated Vivostat Vivostat

control Immobilised Mobilised

0.42

0.47

< 0.001

< 0.001

0.77

<0.05

0.13

<0.05

<0.05

No Treatment 

Immobilised

0.42

Table 7.2 The statistical comparison between treatment groups of the geometric 
mean tension following robust regression analysis.
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89 samples, 43 unoperated controls, 12 Vivostat® immobilised, 11 Vivostat® 

mobilised, 11 untreated immobilised and 12 untreated mobilised. Seven slides were 

inaccessible due to extensive tissue fragmentation on preparation. Results are 

summarised in table 7.3 a-g.

Two tendons from the unoperated control group had notable tendon wounds, 

possibly related to the rabbits housing or bedding. They were included in the 

numbers and are the reason why mean and median values are greater than zero on a 

number of the parameters looked at. Histological assessment for the presence of a 

surgical defect at 2 weeks showed that all of the four treatment groups still had 

visible injuries, the surgical defect was still evident (7.3a). Adhesion assessment 

using the severity score set out in section 2.5 (table 2.4), however revealed distinct 

differences between the treatment groups. The mean and median values for each 

group were very similar (table 7.3b). Statistical comparison was made between the 

mean values for each group with that of the control samples. Both mobile and 

immobile untreated groups had a highly significant increase in adhesions from the 

unoperated controls (p <0.001). This was in contrast to the amount of adhesion 

formation in the Vivostat®-treated mobile and immobile groups, with no statistical 

difference to the unoperated control tendons (p = 0.608 and p = 0.079 respectively). 

When the four treatment groups were compared it was found that the addition of 

Vivostat® resulted in significantly less adhesion formation in both mobile and 

immobile groups (p < 0.05 and p < 0.001 respectively).

A range of inflammatory cells was identified due to their typical appearances within 

the H and E paraffin sections. They included monocytes, neutrophils, basophils and 

heterophils (specific to the rabbit animal model). Acute inflammatory cells (table 

7.3c) seen in the tendon substance adjacent to the wound, appeared to be 

significantly less in number in the treated mobile group than the untreated mobile 

groups (p < 0.01). The sealant appeared therefore not to evoke an immune response 

within the tendon substance itself. The addition of Vivostat® however did not 

significantly reduce acute inflammatory markers when comparing immobile groups 

(p = 0.083). Chronic inflammatory markers followed the same pattern (table 7.3d).
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a

WOUND Control Treated Treated Untreated Untreated
DEFECT Immobile Mobile Immobile Mobile
Sample size 43 12 12 12 12
Missing 0 0 3 1 0
Mean 0.05 1 0.89 1 1
Median 0 1 1 1 1
Range 0 to 1 0 0 to 1 0 0

ADHESION Control Treated Treated Untreated Untreated
Immobile Mobile Immobile Mobile

Sample size 43 12 12 12 12
Missing 0 0 3 1 1
Mean 0 0.50 0.22 2.10 1.36
Median 0 0 0 2 1
Range 0 0 to 3 0 to 2 0 to 3 0 to 4

ACUTE Control Treated Treated Untreated Untreated
inflam Immobile Mobile Immobile Mobile
mation

Sample size 43 12 12 12 12
Missing 0 0 4 1 0
Mean 0.047 1.08 0.86 1.64 1.92
Median 0 1 1 2 2
Range Oto 1 Oto 2 Oto 1 1 to 3 0 to 1

CHRONIC Control T reated Treated Untreated Untreated
inflam Immobile Mobile Immobile Mobile
mation

Sample size 43 12 12 12 12
Missing 0 0 4 1 0
Mean 0.07 1.67 1.13 2.00 2.08
Median 0 2 1 2 2
Range Oto 2 0 to 2 0 to 2 1 to 3 1 to 4

Tables 7.3 The histological assessment of Vivostat® and its potential role in the 
reduction of adhesions, post flexor tendon surgery. The tendons were assessed for (a) 
wound defect, (b) adhesions, (c) acute inflammation, (d) chronic inflammation, (e) 
repair, (f) surface, (g) sealant presence at 14 days. Each table summarises the 
descriptive statistics of all operative groups and the control for each parameter.
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REPAIR

Sample size
Missing
Mean
Median
Range

Control Treated Treated Untreated Untreated
Immobile Mobile Immobile Mobile

43 12 12 12 12
0 0 3 1 0

0.16 335 3.22 2.46 2.42
0 3 3 2 2.5

0 to 4 2 to 4 3 to 4 2 to 3 2 to 3

g

SURFACE Control Treated Treated Untreated Untreated
Immobile Mobile Immobile Mobile

Sample size 43 12 12 12 12
Missing 0 0 3 1 0
Mean 0.186 3.42 3.56 2.64 0.19
Median 0 4 4 3 0
Range 0 to 4 2 to 4 3 to 4 2 0 to 4

SEALANT Control Treated Treated
Immobile Mobile

Sample size 43 12 12
Missing 0 0 1
Mean 0 0.17 0.27
Median 0 0 0
Range 0 0 to 1 0 to 1

Tables 7.3 The histological assessment of Vivostat® and its potential role in the 
reduction of adhesions, post flexor tendon surgery. The tendons were assessed for (a) 
wound defect, (b) adhesions, (c) acute inflammation, (d) chronic inflammation, (e) 
repair, (f) surface, (g) sealant presence at 14 days. Each table summarises the 
descriptive statistics of all operative groups and the control for each parameter.
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The addition of Vivostat® to the mobile tendons saw a significant reduction (p < 

0.05), whilst adding it to immobile tendons did not reduce markers (p = 0.351). Some 

injuries in both treated groups although present were less apparent by 14 days than 

those from the untreated groups. We therefore looked for evidence of repair (table 

7.3e). From this we found that the use of Vivostat® on tendon injuries caused 

significantly greater evidence of repair in both mobile and immobile groups (for 

both, p < 0.05). To corroborate this, the degree of surface restoration (table 7.3f) over 

the course of 2 weeks was assessed using the same 5 pointed grading system. The 

addition of sealant was found to produce a significantly greater surface restoration in 

immobile group (p < 0.05) but no such improvement was found in the mobile group 

(p = 0.087).

Light micrographs of the unoperated control as well as each treatment group can be 

seen in figures 7.2a to e. These were typical of the findings of each group. The 

control exhibited a uniformly cellular, smooth surface with a relatively hypocellular 

core (figure 7.2a). In the untreated immobile group (7.2.b), the surgical wound could 

clearly be seen with a large adhesion present. These features were still apparent in 

the mobile non-treated group, although a more cellular surface was seen (figure 

7.2c). With the addition of sealant, the immobile group showed less evidence of the 

wound at 14 days, with greater attempts at repair. Increased cellularity was seen on 

the surface in comparison to the control tendon (figure 7.2d). Finally the treated 

mobile group (figure 7.2e) were most comparable to the morphology of the control. 

Figure 7.2f is of the Vivostat® itself at 2 weeks post-application. Its presence could 

only be detected in 27% of cases in the mobile group and 17% of cases in the 

immobile group (Table 7.3g). When present however there was an intense acute on 

chronic reaction, which was by far in excess to that seen in the adjacent tendon, 

which remained relatively quiescent. This represents the host response to the 

‘xenograft’ sealant.

In order to assess the affect of Vivostat® on neovascularistation, we utilised our 

novel method, (the results of which are discussed in chapter 4), on our archived 

longitudinal sections. We found from our initial studies that rabbits’ forepaw tendons
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Figure 7.2 The histological assessment of Vivostat® and its potential role in the 
reduction of adhesions post flexor tendon surgery. Representative micrographs of 
longitudinal tendon sections taken from the (a) control, (b) untreated immobile, and 
(c) untreated mobile groups (xlOO magnification, inset x25) A = Adhesions, C = Cut 
injury.
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Figure 7.2 The histological assessment of Vivostat® and its potential role in the 
reduction of adhesions post flexor tendon surgery. Representative micrographs of 
longitudinal tendon sections taken from the (d) treated immobile and (e) treated 
mobile groups. (xlOO magnification, inset x25) A = Adhesions, C = Cut injury, (f) 
shows the host immune response to the Vivostat® itself (x400 magnification).
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a b

Figure 7.3 The neovascularisation of healing tendon injuries. Longitudinal sections 
were stained with CD31 using the novel immunohistochemical method developed in 
this thesis. Blood vessels appear brown, (a) is an H and E stain of an adhesion 
formed in the non-treated mobile group, (b) is the same adhesion stained with CD-31 
highlighting its a rich vascular nature. For comparison (c) shows a tendon treated 
with Vivostat®. The subsurface intrinsic blood supply is in a normally avascular 
area. (All main micrographs are xlOO magnification, the inset is x25 magnification) 
A = Adhesion.
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were truly avascular from the A2 to the A4 pulley. Our Vivostat® model had an 

injury created between the 2"  ̂ and 3*̂  ̂ annular pulleys in this avascular zone. When 

the sealant was not used and adhesions developed, they were found to have a rich 

blood supply running through them (figure 7.3a,b). When the sealant was used it did 

not preclude the presence of intrinsic vessels at the healing sub-surface level (figure 

7.3c).

7A  Discussion

Fibrin sealants have been shown to be beneficial in the reduction of adhesions in a 

number of different clinical settings (Evrard et al., 1996; Frykman et a i ,  1993; 

Takeuchi et al., 1997). This study was undertaken to assess the effect of Vivostat®, a 

human derived fibrin sealant on post-surgical flexor tendon adhesion formation in a 

rabbit experimental model. Further subdivision into mobilised and immobilised 

postoperative groups allowed assessment of any synergy between Vivostat® and a 

method well documented to reduce adhesion formation, namely early active 

mobilisation (Cullen et al., 1989; Small et al., 1989).

Ever since the popularisation of the intrinsic theory of tendon healing, the adhesions 

that were once felt to be necessary for injury repair (Potenza, 1964), are now 

regarded as an unimportant nuisance. They often have a restrictive effect on finger 

movement and therefore loss of hand function. Matthews and Richards, (1976) 

showed that in order for adhesions to develop, a combination of tendon suturing, 

immobilisation and or concurrent digital sheath injury are required. The present 

study therefore combined sheath and tendon injury with immobilisation (as well as 

mobilisation) as the stimulus for adhesion development.

From these data we can conclude that both the mobile and immobile Vivostat® 

treated groups were not significantly different from the unoperated control group as 

shown by the tensiometer (p = 0.47 and p = 0.42 respectively) and histological 

assessment (p = 0.608 and p = 0.079 respectively). Figure 7.1 shows that Vivostat® 

works in combination with active mobilisation to reduce the force required to pull the 

tendon from the sheath, indicating a considerable reduction in adhesion generation in 

treated cases. This is contrasted with the comparison made between the unoperated
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control group and the operated untreated groups. Both the mobile and immobile 

untreated groups form significantly more adhesions than the unoperated control as 

evaluated by tensiometer pull in comparison to the unoperated controls (p < 0.001 

respectively). This is again corroborated with histological assessment showing 

significant adhesion development in the two untreated groups (p < 0.001 

respectively). In addition, figure 7.1 appeared to support the findings of Cullen et aL, 

(1989) and Small et al., (1989), which highlighted the beneficial role of active 

mobilisation in the reduction of adhesions. From the raw data, it was found that 

active mobilisation reduced the mean tension in both treated and non-sealant treated 

groups as compared to active immobilisation. However following log transformation 

and linear regression analysis, these differences were found to be not significant. The 

effect of active mobilisation on adhesions was also looked at histologically (table 

7.2.b). Once again the general trend was for active mobilisation to reduce the number 

of adhesions formed in both the treated and untreated groups, although again these 

differences proved insignificant.

From our study it is only possible to suggest the mechanism by which Vivostat® 

prevents adhesions and offer an explanation for its combined effects with active 

mobilisation on adhesion reduction. At the time of surgery, the Vivostat® sealant 

polymerises into a tenacious gel material, which coats the injured site. It is 

reasonable to assume that this may act as a physical barrier to tissue, attempting to 

bridge the gap from outside the zone of injury to the tendon wound. This prevention 

of adhesion formation may encourage the tendon surface and core fibroblasts to 

restore the injured gliding surface, a fact that may be supported with our histological 

observations of a significant increase in repair of the defect in the treated groups. In 

addition although we found a localised intense acute or chronic reaction to the 

Vivostat® sealant itself, the tendon adjacent to the injury had significantly less 

inflammation in the treated tendons. A possible explanation for this could be that if it 

was acting as a physical barrier, neovascularisation of the healing tendon would have 

to come from pre-existing indolent tendon vessels rather than from extrinsic 

adhesions. As our staining for new blood vessels in the vicinity of the injury 

suggests, the use of sealant does not encourage excessive internal neovascularisation 

in order to compensate for the concurrent reduction in the extrinsic blood source.

193



Chapter 7

This net reduction of blood supply to the healing site, could therefore account for the 

reduced inflammatory response seen when Vivostat® is used. A detailed assessment 

of the neovascularisation to the healing site in both treated and non treated site is 

beyond the scope of this chapter and will form the basis of on going research.

The Vivostat® itself appears not to be a hindrance to digital mobility 

postoperatively. Optimal results were achieved in the treated mobile group, a 

combination, which may lead to a reduction in friction at the healing site. Indeed 

Vivostat® treatment appeared to promote healing even in the immobilised groups. 

These results are in contrast to the results found by Frykman et aL, (1993) who found 

that benefits were confined to those rabbits from the mobile group. However 

Frykman used a different form of fibrin sealant in conjunction with a sutured repair 

as an additional stimulus for adhesion formation.

In summary, Vivostat® appears to have an intra-operative role to play in the 

reduction of digital tendon adhesion formation within the animal model used.

7.5 Potential areas for further research

An additional rabbit model study is planned to further evaluate the role of Vivostat® 

in adhesion reduction. It will look at the potential effects of this system in the 

primary repair of divided flexor tendons using the modified Kessler technique 

combined with an epitendinous suture. If a benefit is still demonstrated, then we shall 

seek ethical approval in order for a human clinical trial to be set up at the Department 

of Plastic Surgery, Mount Vernon Hospital.
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CHAPTER 8

GENERAL DISCUSSION
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Recent advances in the repair of injured flexor tendons have resulted in improved 

postoperative results when assessed by outcome scores, yet despite these changes, the 

range of movement, strength of digit and function of the hand as a whole are often 

still far from ideal. With this in mind, this study has set out to examine several 

aspects that we feel are of crucial importance in the healing of tendons of the hand.

• To provide a quantitative assessment of the blood supply to flexor tendons in the 

rabbit model.

• To evaluate the important cells involved in the initial stages of the repair process.

• To evaluate the contribution of intra-operative Fibrin Sealant application 

(Vivostsat®) in the reduction of post-operative adhesion formation.

To achieve these aims, two animal models were used: the New Zealand and lop-eared 

rabbit and the Sprague Dawley rat. In one part of the study, tendon samples from both 

horse and human digital flexors were also employed. We tested the following 

hypotheses:

• Truly avascular zones within tendons do not exist; they are a product of the 

perfusion technique.

• Evidence of tendon healing can be seen in vitro within 7 days of injury.

• Surface derived fibroblasts migrate into a tendon wound and subsequently into 

the substance of the tendon.

• Vivostat®, a fibrin sealant reduces post surgical adhesion development following 

tendon repair.

8.1 Proof or réfutation o f the hypotheses

8.1.1 Truly avascular zones within tendons do not exist, they are a product o f the 

perfusion technique (Chapter 4).

This study involved the development of a novel method for the quantitative analysis 

of the blood supply to flexor tendons in the rabbit model. It was also successfully 

applied to both horse and human digital tendons. Its successful fruition was pursued 

due to the diversity of descriptions on blood supply to flexor tendons in the current 

literature, the majority of which utilised the qualitative technique of liquid media
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perfusion through proximal axial arteries. Using this method authors have described 

an avascular zone within the digital deep flexor tendon. In man this avascular zone is 

limited to the volar half of the tendon between pulleys A2 and A4 (Lundborg and 

Myrhage, 1977). In the canine animal model, the avascular zone is total between the 

A2 and A4 pulleys of the forepaw (Gelberman et aL, 1991a). This qualitative 

technique however, has been shown to be produce both false negative and false 

positive results (Petersen et aL, 2000). Our working hypothesis was therefore that 

these avascular zones were an artefact representing a product of the perfusion 

technique itself. To prove or refute this, the now popular rabbit model was utilised. 

Quantitative immunohistochemical assessment of blood vessels showed that truly 

avascular zones do exist in the deep tendons of the forepaw as was seen in the canine 

model using the perfusion technique. The hindpaw of the rabbit however showed no 

such avascular zone. It did however exhibit reduced vascularity on the volar aspect 

of its deep flexors in a similar distribution to that described in man. We therefore 

tried this technique on a single human flexor digitorum profundus tendon. This in 

fact corroborated the reports of a volar reduction in blood supply between the A2 and 

A4 pulley. We thus rejected our hypothesis that the perfusion technique produced 

artifactual avascular zones. This study however resulted in the development of a 

novel technique for the quantitative assessment of tendon blood supply in paraffin 

sections. It in addition, revealed similarities of vessel distribution between human 

deep flexor tendons and those of the hindpaw of the rabbit. These tendons should 

therefore be used in favour of those in the forepaw when studying aspects of tendon 

healing, so as to draw conclusions that could be applicable to the human condition. 

These areas of reduced blood supply have been shown in different species. It is 

therefore possible that a similar pattern exists within the deep flexors of the rat 

hindpaw. In humans, tendon injuries in zone II are often the most common, but also 

produce the poorest outcome. This may in part be due to the relative paucity of blood 

vessels within this region. In order to study healing within this zone an in vitro 

experiment using the rat animal model was set up. The following hypothesis was 

tested.

8.1.2 Evidence o f tendon healing can be seen in vitro within 7 days o f  injury 

(Chapter 5).
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The early cellular response to injury was examined in the in vitro setting over the 

course of a week following tendon injury. The majority of previous studies have 

concentrated on the long-term cellular response to tendon injury when placed in 

liquid culture. Only cursory descriptions of the early in vitro cellular response to 

injury have been supplied, none of which quantify the response. Our study looked at 

the cellular response in the vicinity of 2 injuries. The cut end of the tendon segment 

and the punch biopsy window in the middle of the tendon segment. Cell counts were 

performed from the cut edge into the substance of the tendon, and from the surface 

into the core of the tendon. At no time point did we see evidence of cells within the 

punch biopsy window. In contrast to the previous descriptions of in vitro early 

cellular response to injury, we saw no surface cell proliferation over the first week. 

In fact at the punch injury site, there was a mild reduction in cell number within 

100pm over the 7 days of the experiment whilst at the cut end there was no change in 

cell number over the same time period. As a result of our findings in chapter 6, we 

feel that the initial response to tendon injury involves the proliferation and migration 

of surface-derived fibroblasts. We did not see any evidence of these processes taking 

place in the segments studied over the course of one week. We therefore have 

rejected our hypothesis that evidence of tendon healing can be seen in vitro within 7 

days of injury. One consistent finding derived from cell counts at the edge of the 2 

types of injury, was the presence of an acellular zone. Pilot experiments with Cell 

Tracker ™ may have shown surface cell migration through the substance of the 

tendon at day 5 and 7, in response to the punch injury (figure 5.7). This was however 

seen in only 2 samples and therefore cannot be taken as evidence of early in vitro 

repair. Additional experiments have to be performed in order to corroborate these 

findings. It may very well be that the early response that we have seen in the 

subsequent chapter 6 would take place in the in vitro setting but at a slower pace due 

to the relative reduction in chemo-attractants. The other possibility is that the 

absence of cyclical load within the in vitro model in some way prevents or reduces 

cellular migration at an early stage. An additional set of experiments where the 

tendon segments were cultured whilst being repeatedly stressed would be more akin 

to what was happening in the in vivo setting. This set of experiments as they stand 

does not provide proof that this model is useful in the in vitro study of early tendon
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repair. Our attention was therefore turned to what happening within the in vivo 

situation.

8.1.3 Surface-derived fibroblasts migrate into a tendon wound and subsequently into 

the substance o f the tendon (Chapter 6).

The early response to tendon injury was assessed in the long flexor tendons of the rat 

hindpaw. Using a partial tenotomy injury that has only been previously used in 

extensor tendons (Matthew et aL, 1987), the response of Dil vital dye-labelled 

surface cells was charted over the course of seven days. The surface-derived 

fibroblasts were found to respond to surgical injury within 24 hours. They appeared 

to migrate into the partial tenotomy. Their presence was maximal at day 5. Surface- 

stained cells were also seen within the core of the tendon substance. This may be a 

result of the dyed cells dropping down from their location at the surface or more 

likely, as a result of lateral migration from the partial tenotomy. Stained cell counts 

reduced at day 7. This may be a result of simple dye fading, daughter cell 

proliferation and hence dye dilution, metabolic irradiation from the cell, or release 

following cell death. Whichever explanation is correct, we have demonstrated a 

migratory pathway which others have merely suggested (Gelberman et aL, 1991b; 

Gelberman et aL, 1983; Lundborg and Rank, 1978; Manske et aL, 1985). We are 

therefore able to accept our original hypothesis that the surface fibroblasts migrate 

into the injury site and into the core substance. This finding represents a bridge of 

explanation linking the two previous classical explanations of tendon repair. We 

therefore feel that our observations could be termed the 'transtrinsic' concept of 

flexor tendon healing (figure 1.8c). In order for the outcome of tendon repair to 

improve, scientific questioning of the fundamental principles involved in tendon 

healing, have to be coupled with the development and assessment of substances that 

reduce adhesion build up. With this in mind we tested a fibrin sealant for its potential 

role in the reduction of post surgical adhesion formation. The aim is to conduct a 

clinical trial of this substance in the Hand Unit at Mount Vernon Hospital in 

association with primary flexor tendon repair.

8.1.4 Vivostat®, a fibrin sealant reduces post surgical adhesion development 

following tendon repair (Chapter 7).
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Improvement in the outcome of tendon surgery will result from a multifactorial 

approach to tendon repair. It has been proposed that this may be due to the use of cell 

seeded constructs in conjunction with physical barriers to prevent adhesion 

development that are applied at the time of surgery. To this end, this study examined 

the role of the fibrin sealant Vivostat® in the reduction of post-surgical adhesion 

formation in the rabbit model. In addition to the benefits found, this sealant is 

derived from 120ml of human whole blood, taking only 30 minutes to prepare. This 

would therefore eliminate the potential risk of blood-born infection or compatibility 

issues when used in human tendon repair. This study found significant adhesion 

reduction in both the mobile and immobile groups as judged by tensiometer and 

histological assessment. We can therefore accept our working hypothesis that 

Vivostat® reduces post surgical adhesion development following tendon repair.

8.2 Other important findings

8.2.1 The anatomy o f the rabbit digital sheath (Chapter 3)

The rabbit is becoming a more frequent choice of animal model when studying 

aspects of tendon healing. Due to discrepancies within the literature as to the 

structural layout of their digital sheaths, we performed a detailed study on the 

number and positioning of each annular pulley within the digits of both fore and 

hindpaws. We found there to be a high degree of consistency as to the positioning, 

size and number of annular pulleys from digit to digit. As in the case of the human 

sheath, we documented 5 annular pulleys along its length in the rabbit. Although the 

same species of rabbit was used as other published studies, this finding was in 

contrast to the numbers reported: 3 (Hagberg and Gerdin, 1992), 4 (Abrahamsson et 

al., 1989) and 6 (Hanff and Hagberg, 1998). Interestingly the nearest description to 

the observations we noted was that of Abrahamsson et al., (1989). Their photo 

illustration demonstrated 4 pulleys, the first of which was very broad. We in fact 

separated this into a larger first and smaller second annular pulley in each case. As 

our study involved the dissection of 41 individual digits, we are confident that these 

anatomical discrepancies should be replaced with the findings of this study, therefore 

providing a sound morphological knowledge of the popular rabbit model. This would 

allow the investigator to more accurately relate their experimental observations to the 

surrounding consistent anatomical landmarks.
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8.2.2 The cross-sectional shapes o f deep flexor tendons in the rabbit (Chapter 3). 

There has been no previous discussion in the literature as to the cross-sectional area 

of the intrasynovial portion of the deep flexor tendon of the rabbit. This study aimed 

to do just that, thereby allowing the exploration of the notion that tendon blood 

supply is related to the area of the tendon that it serves. Several key papers have 

described the conformational change of the human flexor digitorum profundus with 

progression through the synovial sheath (Martin, 1958; Walbeehm and McGrouther, 

1995). The rabbit tendons undergo similar, but not identical changes to the cross- 

sectional shape. We also found there to be subtle differences in shape between the 

fore and hindpaw tendons at comparable points within the sheath. This finding could 

potentially be explained by the known differences in function between the fore and 

hindpaw.

8.2.2 The difference between flexor and extensor partial tenotomy injuries. (Chapter 

3 f

A pilot study was performed to establish the ultrastructure of the partial tenotomy 

wound inflicted in the deep flexor tendon of the rat. Scanning and transmission 

electron micrographs were used to assess injuries inflicted on both flexor and 

extensor tendons. Distinct differences were found between the two sites. The flexor 

tendon fibrils were more tightly packed with less variability in cross-sectional area 

than the extensor tendon counterparts. This could very well be one of the reasons 

why different healing rates have been observed between the two sites. However in 

order to state this difference exists with confidence, we would have to perform the 

same investigations on more samples, harvested in different positions (flexion, 

neutral and extension) so as to rule out the possibility of the differences being due to 

artefact alone.

8.2.4 The immunohistochemical localisation o f tendon blood supply in both human 

and equine tendons (Chapter 4).

The novel methodology developed during this study has been successfully applied to 

the flexor tendons of both the human hand and the forelimb of the horse. This 

reproducible and reliable method is ideal for the quantitative analysis of the blood 

supply to tendons in both the normal physiological and indeed pathological settings.
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8.2.5 The cellular infiltrate within the partial tenotomy cannot solely be attributed to 

surface cell migration alone (Chapter 6).

Total cell counts in response to partial tenotomy were performed on haematoxylin 

and eosin transverse tendon cross-sections over the course of a week post in vivo 

injury. At every time point cell counts were higher than those derived from the 

labelled surface cells alone. The possible sources of these additional cells found in 

and around the injury include inflammatory cells and sheath cells. An attempt at 

differentiating this cellular milieu unfortunately proved inconclusive and thus 

requires additional study.

8.2.6 The role o f Vivostat® in the non-compliant patient (Chapter 7).

Evidence gathered from both tensiometer and histological evaluation in the rabbit 

model, suggest that Vivostat® has a beneficial role in tendon injuries that are not 

only actively mobilised, but in those that are prevented from active mobilisation. If 

this could be extrapolated to the human setting, this may mean that Vivostat® has a 

beneficial role even in those patients that are non-compliant with the current trends 

of post-operative active mobilisation. This could have large resource and financial 

implications. It must be noted however that we performed our investigation on a 

standard injury that did not involve primary sutured repair of the tendon. This 

additional stimulus for adhesion development as shown by Matthews and Richards 

(1976) could very well negate these benefits shown in the immobilised group. This 

was shown to be the case when a different commercial preparations of fibrin sealant 

was tested in primary rabbit tendon repairs, which were randomised to either mobile 

or immobile post operative regimes (Frykman et al., 1993). We must also remember 

that by proximal transection of the tendon in the palm, true immobilisation was not 

achieved although active mobilisation was prevented. On balance, this type of 

immobilisation, although a compromise was deemed more suitable than the 

application of a plaster cast for the comfort and well being of the animal model.

8.3 Critique

The classical theories of tendon healing represent an over-simplification of what we 

propose occurs in the initial stages following tendon injury. Modern methods of
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repair and attempts at adhesion reduction are nonetheless based on these 

descriptions. Post-operative outcome of tendon repair surgery is far from ideal. If the 

quest for improvement is to be realised, then research has to progress on a number of 

different fronts. If the ultimate repair that is free from adhesions, able to glide and is 

as strong as an uninjured tendon is to be achieved, then it may very well require a 

multifactorial approach at the time surgery, as well as during the postoperative 

period. It is highly unlikely that one single breakthrough will produce a vast 

difference to the current results. In an attempt to move a step closer to the ultimate 

repair, this study has looked at several aspects of tendon healing.

Animal models can never fully reproduce the clinical setting, but are useful to 

answer specific biological questions. This can only be done as long as a thorough 

knowledge of the normal anatomy and physiology is available. All too often, 

conflicting accounts have been published in the world literature. In order to produce 

a quantitative assessment of blood supply at any given point along the deep flexor 

tendon of a rabbit, this study has developed a novel method, which can be performed 

on archived specimens as well as different species. It has gone some way to 

corroborate which have already been described on tendon blood supply, as well as

highlighted important differences within the same animal model. In addition, this

study has explored the hypothesis that tendon surface fibroblast migration, into the 

wound and then into the core of the tendon, is fundamental to the initial stages of 

repair. We have found that this is indeed the case; the clinical implication is that 

promotion of migration of this fibroblast sub-population could expedite the healing 

of an injured tendon. When combined with new therapies, which reduce adhesion 

formation (such as the application of Vivostat®), it is the hoped that increased repair 

strength with greater mobility, will result. Therefore a combination of measures 

applied at the time of repair could lead to improvements in outcome.

8.4 Conclusions

Chapter 3 

Rabbit

• The synovial sheath has 5 annular pulleys.

• The pulley distance varies according to the digit and the paw.
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• There is a change in flexor cross-sectional area with progression through the 

sheath, with differences between fore and hind tendons.

Rat

• There is a difference between flexor and extensor tendons in their collagen fibril 

packing.

Chapter 4

• We have developed a novel method for the delineation of tendon vessels in 

paraffin specimens.

• We have shown that two distinct patterns of tendon vascularity co-exist within 

the rabbit's flexor digitorum profundus tendons.

• This technique can be used in different species.

• This technique is ideal for the quantitative study of neovascularisation in 

different repair models.

• That the hind tendon of the rabbit should be used in future for the study of tendon 

healing in the in vivo and in vitro setting.

Chapter 5

• Early in vitro cellular response to tendon injury depends in part on the nature of 

the insult.

• There was a hypocellular zone adjacent to both types of injury, which had 

significantly fewer cells than the deeper zone.

• The surface layers were the most cellular areas of the tendon but there was no 

evidence of surface fibroblast proliferation in response to injury within the first 7 

days in vitro.

• Cell Tracker™ reliably delineates surface fibroblasts and does not prevent 

migration in vitro.

Chapter 6

• Surface derived fibroblasts migrate into a surgically created window within 24 

hours.

• At subsequent time points, cells not only continue to migrate into the wound 

from the surface, but also spread laterally from the window into the core 

substance.
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• This process is maximal at 5 days.

Chapter 7

• The use of Vivostat® significantly reduces adhesion formation in response to 

tendon injury in both mobile and non-actively mobile groups in the rabbit when 

assessed both histologically and by tendsiometer.

• The use of Vivostat® in both mobile and non-actively mobile groups results in 

tensiometer pulls that are not statistically different from those of the unoperated 

controls.

• The use of Vivostat® results in significantly less inflammation the tendon repair 

site.

8.5 Proposals for future study

A sound understanding of the initial cellular events occurring in and around the 

tendon injury site is required. We have shown that surface cells migrate into the cut 

and from there into the core. We believe this to be important in the repair of the 

tendon and suppose that this pathway may be inhibited by fibrous in-growth 

(adhesions) at the time of injury. Improvement in surgical outcome is likely to be 

from a multifactorial approach that enhances the movement and incorporation of 

surface cells whilst preventing the formation of adhesions. To take a step closer to 

obtaining tendon repair free from complication, the following projects in tendon 

research are planned.

8.5.1 Assessments o f cell type within the total cell migrate within the first 7 days. 

Reciprocal experiments where just the synovial fibroblasts are stained with vital dye 

need to be performed. This will provide information on whether they have a 

reparative role in the early stages of tendon repair. In addition, refinement of our 

pan-leukocyte staining will tell us what proportion of cells within the injury are 

inflammatory in origin.

8.5.2 Cellular proliferation, apoptosis and collagen production in response to tendon 

injury

205



Chapter 8

This study has gone some way to unraveling the intricate steps involved in the early 

stages of tendon repair, but in addition has posed a number of important questions 

that require answering. The sub-populations of fibroblast are known to respond at 

different rates to injury. They therefore are likely to perform different functions at 

different times. The study of both proliferation and apoptosis using 

immunohistochemical markers such as ki-67 and p53 or the BuDR technique will be 

performed on cells within different regions of tendon, post injury. Investigation into 

the collagen production from different sub-populations at different time points using 

both reverse transcriptase polymerase chain reaction (RTPCR) assessment will not 

only tell us which sub-population is inciting early repair but also the profile of 

collagen type with time.

8.5.3 Cell seeded constructs in tendon repair

The observations noted in this study assist in elucidating some aspects of cell 

motility in the process of repair. We would like to continue this line of research to 

explore surface cell migration and function following injury, in greater depth. Using 

cell culture techniques we will grow the surface fibroblasts in vitro, pre-label them 

with the fluorescent vital dye then seed them onto a collagen matrix before inserting 

it into the animal tendon window model. Cell migration will be followed at different 

time points. Such a technique could form the basis of treatment in the future, where 

part of the repair could involve insertion of a construct seeded with cultured surface 

fibroblasts into the 2 ends of the tendon core. This would enable delivery of the 

important surface fibroblasts to their required site at the time of repair. During the 

same operation, the addition of a physical barrier on the surface of the tendon such as 

a fibrin sealant could prevent adhesion formation from surrounding structures.

8.5.4 Fibrin Sealant

Utilising the knowledge gained already from exploring the effects of Vivostat® on 

adhesion formation, we propose to take the fibrin sealant into clinical trials at Mount 

Vernon Hospital. The considerable number of tendon injuries, which present to our 

hand unit will allow us to assess the merits of the novel techniques we have 

developed. Ethical approval for the trial will of course be sought and obtained before 

the advances made in the laboratory are tested in the clinical setting.
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8.5.5 The study o f tendon neovascularisation following repair 

Our developed method for the assessment of tendon blood supply ideally lends itself 

to the study of new blood vessel formation following tendon repair. It is our belief 

that existing methods of tendon repair actually strangulate the cut ends of the tendon 

rendering them ischaemic, which, may in part contribute to the death of fibroblasts 

within the injury vicinity. Using our method, established and future reparative 

procedures can be quantified for their effect on both the existing and newly 

developing tendon blood supply.

This research conducted into tendon healing, aims to bridge the gap between the 

laboratory and the clinical setting. By the examination of old theories, the 

development of new ones, and the application of new technology, our hope is to 

improve the outcome of tendon repair; thereby helping those patients who have been 

so unfortunate as to damage them, to retain their source of livelihood.
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APPENDIX 1 - PREPARATION OF SOLUTIONS

Pepsin (DAKO Ltd) 200g

0.2M hydrochloric acid (Merk, Upminster, UK) 50ml

1.1 Enzymatic pepsin digestion solution

TRIS buffer 500ml

Fresh distilled water 4.5ml

Sodium Chloride 40.5g

pH adjusted to 7.6 using O.IM hydrochloric acid drop by drop

1.2 Tris Buffered Saline

DMEM 500ml

Foetal calf serum 50ml

L-glutamine 5ml

Penicillin-Streptomycin 5ml

1.3 Tendon Cell Culture Media

315



Appendix

Distilled water 1.95ml

0.2M Sodium Phosphate buffer, pH 7.4 2.25ml

5mg/ml DAB in 0.1 M phosphate buffer, pH 7.4

0 . 4% N H 4C 1

500pl

50pl

20% glucose 50pl

To the above mixture add drop by drop:Ji.
1 % Nickel ammonium sulfate ' ' " 200pl

To the above mixture add immediately prior to use:

Glucose oxidase 5pi

1.4 5ml Reaction Mix for P2X5 and P2X7 staining.
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Appendix

APPENDIX II - RESULTS DATA; Anatomical study (Chapter 3) 

Fore Hind

Digit 2 Digit 3 Digit 4 Digit 5 Digit 2 Digit 3 Digit 4 Digit 5

A1

Number 2 5 2 4 7 7 7 7

Mean +/- SD 0 0 0 0 0 0 0 0

Median 0 0 0 0 0 0 0 0

A2

Number 2 5 2 4 7 7 7 7

Mean 4 5 3 3 5.86 6 4.86 4.71

+/- (SD) (1.41) (0.71) (1.41) (0.82) (3.44) (2.58) (2.73) (1.98)

Median 4 5 3 3 5 6 4 4

A3

Number 2 5 2 4 7 7 7 7

Mean 11 12 10 7 16.29 19.14 17.43 16.57

+/-SD 0 1 1.41 0.82 3.09 3.08 4.35 2.15

Median 11 12 10 7 16 19 20 17

A4

Number 2 5 2 4 7 7 7 7

Mean 15.5 17 15 12 21.71 25.57 24.29 22.29

+/-SD .71 .71 0 1.15 3.59 4.12 5.09 2.93

Median 15.5 17 15 12 20 27 28 23

A5

Number 2 5 2 4 7 7 7 7

Mean 20.50 22.60 22.50 15.75 29.57 35.29 34.86 29.29

+/-SD 2.12 1.82 2.12 1.26 4.89 4.68 5.08 4.35

Median 15.5 23 15 14 26 33.5 35 28.5

Sheath length

Number 1 4 1 3 6 6 6 6

Mean 23 24.50 24 17.67 33.67 39.83 39 33.83

+/- SD 0 1 0 0.58 5.47 4.40 5.29 2.64

Median 18 23.5 18.75 15.75 29.79 36.14 37.5 31
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APPENDIX II - RESULTS DATA: Vascularity study (Chapter 4)

Rabbit Forepaw

Number of 
vessels 

Digit

D2fore
D3fore
D4fore
D5fore

Average

Vascularity 
Index 

(% area of 
vessels)

Extra
synovial

56
33
26
31

36.5

A1

28
5
20

17.67

A2

0
0
0
0
0

A3

0
1
0
0

0.25

A4

0
0
0
0
0

A5

3
31
9

55
24.5

Insertion

8

0

4

Digit Extra A1 A2 A3 A4 A5 Insertion
synovial

d2fore 0.669 0.508 0 0 0 0.0829 0.403
d3fore 0.142 0.0056 0 0.0013 0 0.129
d4fore 1.16E+0 0.42 0 0 0 0.23
d5fore 0.686 0 0 0 1.31

Average 0.66425 0.3112 0 0.0004 0 0.438 0.438

X-sectional
area of

section pm^
Digit Extrasyn A1 A2 A3 A4 A5 Insertion

ovial
d2fore 2.32E 1.95E 1.64E+ 1.21E+ 1.39E+ 1.29E+ 9.03E

+06 +06 06 06 06 06 +05
d3fore 1.35E 1.53E+ 1.35E+ 1.02E+ 1.56E+ 1.72E+

+06 06 06 06 06 06
d4fore 1.65E 1.25E 1.11E+ 1.45E+ 1.65E+ 9.12E

+06 +06 06 06 06 +05
d5fore 1.39E 1.59E+ 1.79E+ 1.29E+ 2.39E+

+06 06 06 06 06
Average 1.68E 1.58E+ 1.53E+ 1.28E+ 1.42E+ 1.76E+ 9.08E

+06 06 06 06 06 06 +05
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Rabbit Hindpaw

Appendix

Number of 
vessels

Digit Extra A1 A2 A3 A4 A5

d2hind
Synovial

49 16 3 8 45 5
dlhind 31 4 4 17 7 25
d4hind 45 8 11 9 46
d5hind 47 2 7 6 18

Average 43 10 4.25 10.75 16.75 23.5

Vascularity 
Index 

(% area of 
vessels)

digit Extra A1 A2 A3 A4 A5

d2hind
Synovial

0.65 0.15 0.02 0.28 0.65 0.0989
dlhind 0.734 0.02 0.03 0.48 0.18 0.58
d4hind 6.60E-01 0.0604 0.268 0.195 1.19
d5hind 0.86 0.0204 0.477 0.17 0.548

Average 0.726 0.085 0.0327 0.3763 0.2988 0.6042

X-sectional 
area of 

section
digit Extra A1 A2 A3 A4 A5

d2hind
Synovial

2.53E 2.38E 2.40E+ 1.07E+ 2.12E+ 1.31E+
+06 +06 06 06 06 06

dlhind 1.62E 3.35E 2.70E 1.44E 1.24E 1.19E
+06 +06 +06 +06 +06 +06

d4hind 2.61E 2.61E 1.51E 1.62E 1.62E

d5hind
+06

3.29E
+06

3.15E
+06

1.38E
+06

1.50E
+06

1.88E

Average
+06

2.51E 2.87E
+06

2.72E
+06

1.35E
+06

1.62E
+06

1.50E
+06 +06 +06 +06 +06 +06

Insertion

11
11

Insertion

0.151
0.151

Insertion

1.89E
+06

1890000
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APPENDIX II - RESULTS DATA: In Vitro Cell Motility Study (Chapter 5)

The effect of a punch biopsy injury on cell distribution with time.

No.

Med.

Mean

Sd

No.

Med.

Mean

Sd

No.

Med.

Mean

Sd

No.

Med.

Mean

Sd

No.

Med.

Mean

Sd

D i s t a n c e  

f r o m  

s u r f a c e  p .m  

0-100

100-200

200-300

300-400

400-500

C e l l  c o u n t s  i n  c o l u m n s  

s u r f a c e  t o  c o r e

DAYS

f r o m

0 3 5 7

5 6 6 6

87.0 60.0 69.0 63.5

83.6 51.3 69.0 65.2

24.6 19.2 11.7 23.4

5 6 6 6

41.0 31.5 37.0 19.5

38.4 33.2 39.3 22.0

12.9 14.7 14.5 16.4

5 6 6 6

30.0 23.0 20.5 16.5

30.8 22.0 23.5 15.5

10.0 9.2 11.5 8.5

5 6 6 6

28.0 22.5 16.0 13.0

27.4 23.0 18.5 12.3

6.3 7.2 12.1 3.2

5 6 6 6

15.0 20.0 21.0 15.5

22.4 19.0 20.0 16.0

11.3 6.7 7.2 4.2

D i s t a n c e  

f r o m  c u t  

e d g e  p m  

0-100

100-200

200-300

300-400

C e l l  c o u n t s  i n  r o w s  f r o m  

e d g e  o f  c u t

DAYS

0 3 5 7

5 6 6 6

26.0 16.5 16.0 7.0

22.4 13.7 20.0 9.2

12.7 7.6 17.0 7.7

5 6 6 6

54.0 36.0 45.5 25.0

54.2 36.3 44.2 25.7

13.9 15.3 15.9 14.0

5 6 6 6

47.0 45.0 46.5 36.0

52.6 43.5 46.8 39.8

22.8 9.9 10.8 14.3

5 6 6 6

55.0 33.5 43.0 34.0

55.4 34.2 44.7 36.5

13.6 10.1 8.8 10.2
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The effect of a cut end injuiy on cell distribution with time.

Appendix

No.

Med.

Mean

Sd

No.

Med.

Mean

Sd

No.

Med.

Mean

Sd

D i s t a n c e  

f r o m  

s u r f a c e  | i m  

0-100

C e l l  c o u n t s  i n  c o l u m n s  f r o m  

s u r f a c e  t o  c o r e

DAYS 

0 3 5 7

D i s t a n c e  

f r o m  c u t  

e d g e  ^ im  

0-100

C e l l  c o u n t s  i n  r o w s  f r o m  

e d g e  o f  c u t  

DAYS

No. 5 6 6 6 5 6 6 6

Med. 60.0 65.0 60.5 72.5 11.0 17.0 19.0 20.0

Mean 63.8 68.8 68.5 68.0 15.4 19.0 22.8 24.5

Sd 16.3 24.4 24.1 26.6 13.1 8.9 6.5 17.3

100-200 100-200

No. 5 6 6 6 5 6 6 6

Med. 30.0 38.5 37.5 34.0 45.0 41.0 35.5 38.5

Mean 27.2 38.3 34.5 35.3 41.2 42.0 35.0 40.0

Sd 10.6 9.8 9.9 10.1 12.9 12.9 9.3 14.3

200-300 200-300

5 6 6 6 5 6 6 6

31.0 19.5 21.0 20.0 31.0 46.5 39.5 42.0

26.2 24.3 19.7 23.0 37.8 48.7 39.8 40.3

9.0 9.0 7.9 9.4 15.6 11.0 9.9 5.7

300-400 300-400

5 6 6 6

19.0 22.5 25.0 15.0

21.2 23.2 20.8 16.7

14.9 12.1 9.9 7.9

5 6 6 6

36.0 51.0 48.5 37.0

42.4 48.3 47.8 36.5

14.7 11.7 3.1 8.2

400-500

5 6 6 6

28.0 15.5 19.5 12.5

21.8 17.0 23.2 13.5

12.0 10.4 11.5 8.1
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APPENDIX II - RESULTS DATA: In Vivo Cell Motility Study (Chapter 6) 

Dil stained cellular profile across the partial tenotomy performed in columns.

Distance from cut in micrometers
- 2 0 0 - 1 7 5 -ISO - 1 2 5 - 1 0 0 - 7 5 - 5 0 - 2 5 0 2 5 5 0 7 5 1 0 0 1 2 5 1 5 0 1 7 5 2 0 0

D a y  0

no 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
med 1.0 1.0 1.0 1.0 1.0 1.0 2.0 2.0 3.0 1.0 1.0 1.0 1.0 2.0 1.0 0.0 1.0
mean 0.8 1.2 1.2 1.4 1.8 1.2 1.8 2.2 2.2 1.6 1.8 1.2 1.4 1.4 1.2 0.6 1.2

sd 0.8 1.3 1.1 1.1 1.3 1.1 1.3 1.3 1.1 1.9 1.1 1.1 1.1 0.9 0.8 0.9 1.3
D a y  1

no 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6
med 0.5 1.5 2.0 1.5 2.0 3.5 3.5 5.0 8.5 7.5 3.0 3.0 2.0 2.0 3.0 1.5 1.0
mean 1.3 1.5 1.5 1.8 1.8 3.2 3.3 5.7 8.3 9.3 3.5 2.8 2 . 2 2.0 3.0 1.5 0.8

sd 1.8 1.0 1.2 1.7 0.4 2.0 2.1 2.9 2.3 6.3 1.8 2.1 1.3 1.1 2.2 1.0 0.8
D a y  3

no 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
med 2.0 1.0 1.0 1.0 2.0 3.0 3.0 6.0 13.0 4.0 4.0 4.0 3.0 2.0 1.0 1.0 0.0
mean 2.0 1.0 0.8 2.0 2.6 4.0 3.4 5.8 10.2 4.6 4.0 4.0 3.0 2.0 1.2 1.4 2.2

sd 1.6 1.0 0.8 1.9 1.5 3.4 0.5 3.1 6.9 2.3 2.2 3.1 2.1 1.0 0.8 1.1 3.2
D a y  5

no 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
med 3.0 3.0 3.0 2.0 6.0 5.0 9.0 8.0 9.0 11.0 6.0 3.0 3.0 2.0 3.0 1.0 1.0
mean 3.0 3.0 4.0 2.6 5.4 5.4 9.0 8.8 11.8 11.2 7.0 4.8 5.0 3.0 3.4 1.0 1.0

s d 3.1 2.5 3.3 2.1 2.4 1.7 4.0 3.7 6.1 3.6 3.0 3.3 3.9 3.3 2.3 1.2 1.0
D a y  7

no 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
med 1.0 1.0 1.0 0.0 1.0 3.0 4.0 7.0 7.0 6.0 5.0 4.0 1.0 3.0 1.0 1.0 0.0
mean 0.8 1.0 1.2 1.0 2.0 3.2 4.8 7.6 7.6 5.4 4.4 3.6 1.8 2.8 1.6 1.2 0.6

sd 0.8 0.7 0.8 1.4 2.3 2.3 2.2 3.0 3.8 2.5 3.8 2.5 2.5 2.7 0.9 1.3 1.3
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Dil stained cellular profile from superficial to deep performed in rows down the partial tenotomy

Distance from cut in micrometers
0 2 5 5 0 7 5 1 0 0 1 2 5 1 5 0 1 7 5 2 0 0 2 2 5 2 5 0 2 7 5 3 0 0 3 2 5 3 5 0 3 7 5 4 0 0

D a y  0

no 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
med 0.0 0.0 0.0 3.0 4.0 5.0 2.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
mean 0.0 0.0 1.8 7.2 6.0 5.0 3.0 1.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0

sd 0.0 0.0 2.5 9.3 4.8 4.1 4.1 0.7 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0
D a y  1

no 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6
med 0.0 0.0 0.0 0.0 6.5 13.0 9.5 4.5 4.0 2.5 1.0 1.0 1.5 0.5 0.5 0.5 0.0
mean 0.0 0.3 0.5 2.5 7.8 11.0 9.8 5.0 3.5 3.7 1.3 1.2 1.7 0.8 0.7 0.7 0.3

sd 0.0 0.8 1.2 3.9 5.3 5.9 3.8 1.3 1.9 2.7 1.0 1.2 1.6 1.2 0.8 0.8 0.8
D a y  3

no 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
med 0.0 0.0 0.0 0.0 8.0 4.0 6.0 5.0 3.0 2.0 3.0 2.0 2.0 1.0 2.0 1.0 0.0
mean 0.0 0.0 0.0 0.4 6.8 6.6 6.8 7.2 5.6 2 . 8 3.2 3.0 2.2 2.0 2.4 1.8 0.8

sd 0.0 0.0 0.0 0.5 5.8 6.7 2.8 5.7 4.9 1.6 1.5 1.4 1.8 2.0 0.5 2.0 1.3
D a y  5

no 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
med 0.0 0.0 0.0 1.0 5.0 9.0 7.0 10.0 10.0 8.0 8.0 7.0 8.0 1.0 3.0 1.0 1.0
mean 0.0 0.4 2.6 2.8 6.8 9.2 10.0 9.4 9.4 7 . 8 6.2 6.2 6.2 3.2 4.4 2.8 2.0

s d 0.0 0.5 4.0 2.9 6.8 2.5 6.0 3.7 7.1 4.9 4.3 2.8 5.2 4.1 5.6 3.6 2.3
D a y  7

no 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
med 0.0 0.0 0.0 1.0 5.0 8.0 6.0 7.0 5.0 4.0 3.0 1.0 3.0 2.0 2.0 2.0 0.0
mean 0.0 0.8 0.8 1.0 4.0 8.0 6.6 6.6 4.6 5.2 3.0 1.2 2.6 2.4 1.8 2 . 2 0.0

sd 0.0 1.8 1.3 1.0 3.4 2.1 3.0 1.8 2.1 5.1 1.9 0.8 1.7 2.6 2.0 2.9 0.0
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Haematoxylin and Eosin stained cellular profile across the partial tenotomy performed in columns.

Distance from cut in micrometers
- 2 0 0 - 1 7 5 - 1 5 0 - 1 2 5 - 1 0 0 - 7 5 - 5 0 - 2 5 0 2 5 5 0 7 5 1 0 0 1 2 5 1 5 0 1 7 5 2 0 0

D a y  0

no 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
med 7.0 8.0 9.0 16.0 7.0 12.0 13.0 7.0 8.0 9.0 8.0 10.0 7.0 9.0 13.0 15.0 12.0
mean 10.0 10.5 13.3 14.3 10.0 12.3 13.5 8.5 8.3 8.8 10.5 11.8 9.3 9.8 14.0 14.5 11.0

sd 6.8 4.0 6.8 8.0 3.8 5.4 4.2 4.4 5.3 5.4 3.5 2.6 4.6 3.6 7.6 7.9 5.6
D a y  3

no 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
med 13.0 22.0 14.0 16.0 17.0 22.0 23.0 20.0 17.0 6.0 20.0 16.0 18.0 16.0 17.0 16.0 14.0
mean 17.8 22.5 15.3 17.8 2 4 . 3 22.5 27.8 23.5 26.5 19.0 24.0 21.3 21.0 18.3 17.8 18.5 13.8

sd 6.8 4.1 3.0 4.3 11.4 5.3 16.3 4.4 16.5 2 4 . 0 13.3 8.3 7.5 5.2 3.6 9.6 5.3
D a y  5

no 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
med 15.0 14.0 12.0 13.0 21.0 2 0 . 0 20.0 29.0 23.0 17.0 34.0 25.0 16.0 10.0 14.0 8.0 13.0
mean 14.0 16.0 14.8 14.3 21.3 18.3 25.3 28.3 29.8 30.0 35.0 23.3 17.5 11.8 14.0 9.5 13.3

sd 4.1 6.2 3.9 1.5 4.5 4 . 2 9.6 7.9 11.1 26.7 16.2 6.4 3.0 2.4 2.9 2.4 1.7
D a y  7

no 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
med 4.5 5.5 10.5 11.0 13.0 7.5 13.5 8.0 5.0 8.0 20.5 12.5 11.5 8.0 8.5 6.5 5.0
mean 5.0 7.7 12.7 13.0 18.0 10.7 15.7 10.7 10.0 14.7 27.3 16.0 12.3 9.0 8.7 8.7 5.3

Sd 3.6 5.5 10.1 10.4 12.5 6.0 4.0 7.8 8.7 11.7 13.1 6.6 1.5 2.6 0.6 4.0 0.6
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Haematoxylin and Eosin stained cellular profile from superficial to deep performed in rows down the partial tenotomy

D i s t a n c e  f r o m  c u t  in  m i c r o m e t e r s

0 2 5 5 0 7 5 1 0 0 1 2 5 1 5 0 1 7 5 2 0 0 2 2 5 2 5 0 2 7 5 3 0 0 3 2 5 3 5 0 3 7 5 4 0 0

D a y O

n o 4 4 4 4 4 i 4 4 4 4 4 4 4 4 4 4 4
m e d 0.0 19.0 18.0 16.0 14.5 12:0 13.0 9.5 8.5 11.0 8.5 10.5 9.0 13.5 13.5 10.5 4.0

m e a n 0.0 17.0 16.8 14.5 14.0 12.5 12.3 10.8 9.5 9.3 8.3 12.3 10.5 12.5 17.3 11.3 4.0
s d 0.0 7.7 4.7 7.5 7.5 4.9 5.2 3.6 3.9 4.2 1.0 5.3 8.4 6.4 10.7 5.1 2.4

D a y  3

n o 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
m e d 0.0 31.5 37.5 26.0 26.0 29.0 28.5 21.0 14.0 19.5 12.0 12.0 15.0 16.0 24.0 25.0 16.0

m e a n 0.0 3 2 . 3 39.5 25.5 26.3 26.3 27.8 21.0 16.8 18.0 12.3 13.0 16.8 17.0 2 3 . 3 23.0 15.3
s d 0.0 6.4 10.7 4.1 9.7 10.0 8.5 7.3 6.9 9.1 5.6 6.0 12.2 11.7 9.5 5.4 10.2

D a y  5

n o 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
m e d 0.0 22.0 22.0 21.5 22.0 21.5 20.5 25.0 30.5 19.0 18.0 28.0 18.0 22.0 16.5 12.0 8.5

m e a n 0.0 24.0 20.8 22.8 23.5 21.3 21.3 24.8 26.3 22.8 21.5 24.8 22.5 24.3 17.5 12.5 8.5
Sd 0.0 8.4 8.1 6.9 7.9 2.8 2 . 9 8.1 10.2 7.5 11.8 7.9 16.9 16.3 6.6 5.5 5.2

D a y  7

n o 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
m e d 0.0 21.0 40.0 34.0 21.0 14.0 13.0 7.0 5.0 9.0 4.0 3.0 6.0 5.0 7.0 7.0 4.0

m e a n 0.0 21.0 36.0 36.7 21.0 16.0 14.0 6.0 7.7 7.3 6.3 5.0 7.0 4.3 6.7 6.3 4.3
s d 0.0 3.0 13.5 13.2 1.0 6.2 1.7 3 . 6 5.5 5.7 5.9 3.5 4.6 2.1 3.5 2.1 4.5
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APPENDIX II - RESULTS DATA: The Biomechanical Assessment 
of Adhesion formation - Raw Tensiometer Pulls (Chapter 7)

Date Animal
Number

Treatment Paw Digit No. tensile pull Notes

24.8.99 C Tll control right 2 0.5
C Tll control right 4 -1.8

24.8.99 C Tll treated left 2
24.8.99 C Tll treated left 4 101.6

CT20 control right 2 13.7 tendon not cut proximal
24.8.99 CT20 control right 4 22 tendon not cut proximal
24.8.99 CT20 treated left 4 tendon snapped prior to pull
24.8.99 CT20 treated left 2 162.5
24.8.99 CT13 control right 2 20.3
24.8.99 CT13 control right 4 1.2
24.8.99 CT13 untreated left 4 tendon snapped prior to pull

CT13 untreated left 2 27
25.8.99 CT9 control right 2 14.3

CT9 control right 4 4.5
25.8.99 CT9 treated left 2 131.7
25.8.99 CT9 treated left 4 Badly chewed clamp on D3
2.9.99 CT3 control ri^t 2 1.1
2.9.99 CT3 control right 4 20.1
2.9.99 CT3 untreated left 2 Tendon pulled out No recording
2.9.99 CT3 untreated left 4 10.2
2.9.99 CT12 Control right 2 2.4
2.9.99 CT12 Control right 4 13.3
2.9.99 CT12 untreated left 2 1.6
2.9.99 CT12 untreated left 4 4.1

21.9.99 CT18 Control right 2 26.4
21.9.99 CT18 Control right 4 1.2
21.9.99 CT18 untreated left 2 125.5
21.9.99 CT18 untreated left 4 tendon snapped prior to pull
21.9.99 CT4 Control right 2 5.1
21.9.99 CT4 Control right 4 2.4
21.9.99 CT4 treated left 2 23.1
21.9.99 CT4 treated left 4 48.5
22.9.99 CT19 Control right 2 Tendon pulled out No recording
22.9.99 CT19 Control right 4 0.8
22.9.99 CT19 untreated left 2 284.3
22.9.99 CT19 untreated left 4 Tendon snapped prior to pull
22.9.99 CT44 Control right 2 -0.8
22.9.99 CT44 Control right 4 0.7
22.9.99 CT44 untreated left 2 34.7
22.9.99 CT44 untreated left 4 59.1
22.9.99 CT37 Control right 2 17.5
22.9.99 CT37 Control right 4 2.5
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Date Animal Treatment Paw Digit No. tensile pi
Number

22.9.99 CT37 treated left 2 -1.8
22.9.99 CT37 treated left 4
22.9.99 CT41 Control right 2 -2.2
22.9.99 CT41 Control right 4 0
22.9.99 CT41 untreated left 2 238.6
22.9.99 CT41 untreated left 4 38.2
23.9.99 CT32 Control right 2
23.9.99 CT32 Control right 4 1.1
23.9.99 CT32 treated left 2 0.3
23.9.99 CT32 treated left 4 0
23.9.99 CT43 Control right 2 2.6
23.9.99 CT43 Control right 4 4
23.9.99 CT43 treated left 2 .4
23.9.99 CT43 treated left 4 -0.4
23.9.99 CT46 Control right 2 2
23.9.99 CT46 Control right 4 0.9
23.9.99 CT46 treated left 2 144.4
23.9.99 CT46 treated left 4 1.6
23.9.99 CT34 control right 2 0.4
23.9.99 CT34 control right 4 1
23.9.99 CT34 untreated left 2 283.2
23.9.99 CT34 untreated left 4 76.6
28.9.99 CT24 control right 2 0.8
28.9.99 CT24 control right 4 0
28.9.99 CT24 treated left 2 15.8
28.9.99 CT24 treated left 4
28.9.99 CT27 control right 2 0
28.9.99 CT27 control right 4 0.7
28.9.99 CT27 untreated left 2 17.8
28.9.99 CT27 untreated left 4
28.9.99 CT47 control right 2 -0.7
28.9.99 CT47 control right 4 -0.3
28.9.99 CT47 treated left 2 0.2
28.9.99 CT47 treated left 4 0.5
29.9.99 CT29 control right 2 0
29.9.99 CT29 control right 4 4.6
29.9.99 CT29 untreated left 2 0
29.9.99 CT29 untreated left 4 157.2
29.9.99 CT33 control right 2 2.3
29.9.99 CT33 control right 4 -1.1
29.9.99 CT33 untreated left 2 106.8
29.9.99 CT33 untreated left 4 0
29.9.99 CT31 control right 2 -0.3
29.9.99 CT31 control right 4 3
29.9.99 CT31 untreated left 2 18.9
29.9.99 CT31 untreated left 4 22.8
29.9.99 CT28 control right 2 -0.8
29.9.99 CT28 control right 4 -0.6
29.9.99 CT28 treated left 2 -1.3
29.9.99 CT28 treated left 4 5.9

Notes

Tendon snapped prior to pull

Small piece of tissue attached to tie

tendon tag distal

Slipped from sheath prior to pull

Slipped from sheath prior to pull

Values set out in dark blue correspond to the excluded values on the basis of the 
description of section 7.3.1.
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APPENDIX II - RESULTS DATA

The Histological Assessment of Adhesion formation (Chapter 7)

Histology
Number

Male Non operated controls 
Animal Defect
Number

ctl3 (-)
ctll (-)
ctll (-)
ct3 (-)
ct3 (-)
ct4 (-)
ct4 (-)

ct24 (-)
ct24 (-)
ct27 (-)
ct27 (-)
ct47 (-)
ct47 (-)
ct29 (-)
ct29 i (-)
ct33 ! (-)
ct33 ! (-)
ct31 i (+)
ct31 : (-)
ct28 i (-)
ct28 J A l

Inflam mation

268/3
270/3
270/4
275/3
275/4
300/3
300/4
318/3
318/4
320/3
320/4
323/3
323/4
325/3
325/4
327/3
327/4
328/3
328/4
330/3
330/4

Acute Chronic Adhesions Repair Surface

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

Histology
Number

Animal
Number

Defect Acute Chronic Adhesions Repair Surface

269/3 ct20 (-) 0 0 0 0 0
271/3 ct9 (-) 0 0 0 0 0
271/4 ct9 (-) 0 0 0 0 0
276/3 ctl2 (+) loc 1 1 0 4 4
276/4 ctl2 (-) 0 0 0 0 0
295/3 ctl8 (-) 0 0 0 0 0
295/4 ctl8 (-) 0 0 0 0 0
303/3 ctl9 (-) 0 0 0 0 0
303/4 ctl9 (-) 0 0 0 0 0
305/3 ct44 (-) 0 0 0 0 0
305/4 ct44 (-) 0 0 0 0 0
307/4 ct37 (-) 0 0 0 0 0
304/3 ct48 (-) 0 0 0 0 0
304/4 ct48 (-) 0 0 0 0 0
309/3 ct32 (-) 0 0 0 0 0
309/4 ct32 (-) 0 0 0 0 0
310/3 ct43 (-) 0 0 0 0 0
310/4 ct43 (-) 0 0 0 0 0
311/3 ct46 (-) 0 0 0 0 0
311/4 ct46 (-) 0 0 0 0 0
315/3 ct34 (-) 0 0 0 0 0
315/4 ct34 (-) 0 0 0 0 0

The defect and sealant were either present (+) or absent (-). Adhesions, acute and 
chronic inflammation were assessed on a scale of 0 to 4 (0 = absent, 1 = minimum, 2 
= mild, 3 = moderate and 4 = severe). The surface and evidence of repair were again 
scored out of 4 (0 = absent, 1 =< 20%, 2 = 20 to 50%, 3 = 50 to 80%, and 4 = 
complete.)
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Mobilised operated untreated
Histology Animal 
Number Number

Defect

(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)

Immobilised operated untreated

268/2 ctl3
275/2 ct3
320/2 ct27
325/2 ct29
327/2 ct33
328/2 ct31
276/2 ctl2
295/2 ctl8
303/2 ctl9
305/2 ct44
304/2 ct48
315/2 ct34

Histology Animal 
Number Number

Defect

Inflam
Acute

2
2
1
2
3
1
1
3
2
2
3
1

Inflam
Acute

mation
Chronic

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

mation
Chronic

Adhesions Repair Surface

Adhesions Repair Surface

268/1 ctl3 (+) 1 2 3 3 3
275/1 ct3 (+) 2 2 3 2 2
320/1 ct27 (+) 1 2 0 3 4
325/1
327/1

ct29
ct33

(+) 2 2 1 2 2

328/1 ct31 (+) 1 1 2 3 2
276/1 ctl2 (+) 3 2 3 2 3
295/1 ctl8 (+) 2 3 3 2 2
303/1 ctl9 (+) 2 2 2 3 3
305/1 ct44 (+) 1 2 2 3 3
304/1 ct48 (+) 1 2 3 2 2

fobilised operated treated Inflam mation
Histology Animal 
Number Number

Defect Acute Chronic Adhesions Repair Surface Sealant

270/2 ctll (+) 1 1 0 3 3
300/2 ct4 (+) 1 1 0 3 4
318/2 ct24 (+) 1 1 0 3 4
323/2 ct47 (-) 0 0 0 4 4
294/2 ct21 3 sealant 4 sealant (+)
330/2 ct28 4 sealant 4 sealant (+)
269/2 ct20 (+) 1 1 0 4 4
271/2 ct9 (+) 0/1 0/1 0 3 4
307/2 ct37 (+) 3 sealant 2 sealant 2 3 3 (+)
309/2 ct32 (+) 1 2 0 3 3
310/2 ct43
311/2 ct46 (+) 1 2 0 3 3 (-)

Immobilised operated treated Inflam mation
Histology Animal Defect Acute Chronic 
Number Number

Adhesions Repair Surface Sealant

300/1 ct4 (+) 1 2 0 3 3
318/1 ct24 (+) 1 2 0 4 4
323/1 ct47 (+) 1 1 0 4 4
294/1 ct21 (+) 2 ten 4 seal 2 ten 4 seal 3 2 2 (+
330/1 ct28 (+) 1 2 1 3 3
269/1 ct20 (+) 0 0 0 4 4
271/1 ct9 (+) 1 1 0 3 4
307/1 ct37 (+) 1 2 0 4 4 (+
309/1 ct32 (+) 1 2 0 3 4
310/1 ct43 (+) 1 2 0 3 4
311/1 ct46 (+) 2 2 1 3 3

Assessment seores were attributed on the basis described on the previous page.
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APPENDIX I I I .

PUBLICATIONS DERIVED FROM THIS THESIS

Papers published
1. Flexor Tendon Blood Vessels.
M. E. Jones, K Ladhani, V Mudera, AO Grobbelaar, DA McGrouther and R Sanders 
British Journal of Hand Surgery (2000) 25B (6) 552 - 559.
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F L E XOR T E N D O N  BLOOD VESSELS
M . E .  J O N E S ,  K . L A D H A N I ,  V .  M U D E R A ,  A .  O .  G R O B B E L A A R ,  D .  A .  M C G R O U T H E R  a n d  R .  S A N D E R S

From The R A F T Institute, Mount Vernon Hospital Northwood, Middlesex, UK

The aim of this study was to assess rahbit long flexor tendon vascularity in a qualitative and 
quantitative manner using immunohistochemistry. The endothelial cell surface marker CD31 was 
targeted with a speciflc monoclonal mouse-anti-human antibody with good species cross-reactivity. 
Subsequent signal ampliflcation and chromogen labelling allowed vessel visualization. Computer 
image analysis was performed. Values for vessel number and total vessel area per section, as well as 
the sections’ cross-sectional tendon areas, were obtained.

There was a consistent deep tendon avascular zone between the A2 and A4 pulley in the rabbit 
forepaw. This was not the case in the hindpaw, with dorsally orientated longitudinal vessels 
coursing the length of the intrasynovial tendon. The area of least vascularity in the hindpaw was 
around the metacarpophalangeal joint. We therefore recommend the use of hindpaw tendons when 
using the rabbit as a flexor tendon experimental model. This is because its vascular pattern is 
similar to that of the human flexor digitorum profundus.
Journal o f  Hand Surgery (British and European Volume, 2000) 25B: 6: 552-559

The first documented account of tendon repair was 
written by Galen 131-201 AD. It was, however, not 
until almost 1700 years later that tendons were found to 
be vascular structures. Since that time, interest has 
centred on the source and the perceived importance of 
these vessels. Mayer (1916) described three distinct 
origins for the intrinsic vasculature of the long flexor 
tendons in man. They are the musculotendinous 
junction, the osseotendinous junction, and the vincular 
vessels. He was the first to document palmar avascular 
zones within the intrasynovial portion of the flexor 
digitorum profundus tendon. Edwards (1946) later 
described the longitudinal vessels as well as the fine 
capillary-like anastomoses and Peacock (1959) showed 
that the three sources of blood supply described by 
Mayer (1916) in fact contributed in different propor
tions. He felt that the segmental vincular blood supply 
was the most important and the two other sources were 
relatively minor.

Up until the late 1960s, information was derived from 
cadaver and postmortem material, not only from 
humans, but also from other species. Since the early 
1970s, tendon vascularity has been investigated by 
intravital perfusion studies. India ink has been used 
to look at cadaveric human digits (Lundborg and 
Myrhage, 1977; Ochiai et al., 1979; Zhang et al., 
1990), chicken tendons (Pennington, 1979), monkey 
tendon grafts (Singer et al., 1989) and dogs (Gelberman 
et al., 1992; Gelberman et al., 1991). Casts of hen tendon 
blood vessels have been produced with perfused methyl 
methacrylate and subsequent scanning electron micro
scopy analysis (Ochiai et al., 1979). Warren et al. (1988) 
later employed latex/gelatin to study human cadaver 
specimens.

It is therefore not surprising that these qualitative 
assessments, which used different injection materials, in 
different species, have produced different descriptions of 
long flexor blood supply. Lundborg and Myrhage (1977) 
when studying human cadaveric material reported 
longitudinal extrasynovial core vessels entering the

sheath, but giving way to a sizeable avascular zone on 
the palmar aspect of the tendon corresponding to an 
area between the A2 and A4 pulleys. However, the 
dorsum of the tendon in this region was well vascular
ized due to a continuation of the longitudinal vessels. In 
contrast Gelberman et al. (1991), using the dog forepaw 
long flexors, stated that the avascular area in this species 
was total, with both dorsal and palmar aspects devoid of 
blood vessels. In addition to the anatomical investiga
tions, authors have evaluated the importance of these 
vessels in tendon nutrition (Lundborg, 1976; Lundborg 
et al., 1980; Lundborg and Rank, 1978; Manske et al., 
1978; Naito and Ogata, 1983). It is believed that the 
intrasynovial tendon unit may derive nutrition from 
either the synovial fluid, or from its own blood supply 
(Manske and Lesker, 1985). The contributions of both 
sources are likely to change in the event of injury and 
subsequent healing.

In order to circumvent the potential problems of 
perfusion techniques, we have employed immunohisto
chemistry, which allows us to precisely and specifically 
localize endothelial cells within the tendon substance. 
This technique is based on an antibody-antigen reaction, 
with a surface marker on the endothelial cell of arteries, 
veins and capillaries acting as the antigen. Visualization 
of this complex, and therefore the vessel, is by the 
addition of a chromogen substrate. This technique has 
been used in characterizing the vascularity of herniated 
spinal tissue in the human (Virri et al., 1996).

Our animal model for this work is the New Zealand 
White rabbit, which is often used in tendon healing 
studies and the forepaw is the favoured site (Abrahams- 
son et al., 1989; Chang et al., 1997; Chang et al., 1998; 
Kang and Kang, 1999) although hindpaw deep flexors 
have also been used (Churei et al., 1999; Malaviya et al.,
1998). A literature review provided a varied account of 
the long flexor anatomy of both hind and forepaws, with 
inconsistencies regarding the number of annular pulleys 
and some just relating their procedures to the 
proximal pulley (Abrahamsson et al., 1989; Hanflf and
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A b ra h a m s s o n ,  1996; M a t th ew s ,  1976; M o r o - o k a  T  
et ah, 1999). O u r  in itial w o rk  the re fo re  involved a 
d e ta i led  d issection  in o rd e r  to  c larify  the  a n a to m y .

M A T E R I A L S  A N D  M E T H O D S

D issec tion  o f  the flexor sh ea th s  o f  41 digits , 13 from  the 
fore lim bs a n d  28 f ro m  the h in d l im b s  o f  N ew  Z ea lan d  
W h ite  ra b b i ts  w as p e r fo rm e d  u n d e r  m ic ro sco p ic  m a g n i 
f ication  o f  X 10 15. T hey  were ado lescen ts ,  w ith  a bo dy  
w eight ran g ing  f ro m  2500 to 4500 g. H y p e rd e rm ic  
needles w ere inser ted  in to  the m e ta c a rp o p h a la n g e a l  
(M C P ) ,  p ro x im a l  in te rp h a lan g ea l  (P IP )  an d  dis ta l 
in te rp h a lan g ea l  jo in t  (D IP )  spaces to  a id  d o c u m e n ta 
tion. T h e  n u m b e r  o f  pulleys a n d  their  po s i t io n s  w ith  the 
digit fully ex tend ed  were recorded  (F ig  1).

T he  flexor d ig i to ru m  p ro fu n d u s  o f  these  41 digits  were 
then  ha rves ted  w ith  the  p rox im a l level o f  t r an sec t io n  at 
least 5 m m  p ro x im a l to  the s ta r t  o f  the synovia l  sheath . 
T h e  dis ta l t r an sec t io n  w as at the o s seo ten d in o u s  
ju n c t io n .  T h e  a n a to m ic a l  pos i t ion  o f  the pulleys a n d  
vincLilae were m a rk e d  with Ind ia  ink on  the p a lm a r  
aspect o f  the  ten d o n s ,  w hich  were then  fixed in 10% 
buffered fo rm alin  in n o rm a l  saline. F r o m  these 41 
ten d o n s ,  fou r  fo rep aw  a n d  fo u r  h in d p a w  te n d o n s  from  
d it te ren t ra b b i ts  w ere selected for fu r th e r  p rocess ing  an d  
deta i led  analysis. A f te r  24 h o u rs  the te n d o n s  were 
sec t ioned  in to  consecu t iv e  lengths o f  ap p ro x im a te ly
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3 m m , a n d  their  p ro x im a l a n d  d o rsa l  a spec ts  were 
m a rk e d  w ith  Ind ia  ink for o r ie n ta t io n .  E ach  segm ent 
w as n u m b e re d  a n d  the co r r e sp o n d in g  pulley m a r k s  on 
the p a lm a r  aspect were n o te d  ag a in s t  the re levant 
n u m b e re d  segm ent.  Tissue d ry in g  w as  p re v en ted  at 
every s tage by keep ing  them  m o is t  w ith  10% buffered  
fo rm a lin  in n o rm a l  saline. T h e  segm en ts  w ere  then 
paraffin  in f il tra ted , using  a s t a n d a rd  18 h o u r  p rocesso r  
(T issue-Tek  V ac u u m  Inf il t ra t ion  P ro c es so r  supp l ied  by 
M iles Scientific, N aperv il le ,  U SA ).

T h e  bri t t le  n a tu r e  o f  the te n d o n  tissue w as im p rov ed  
by coo ling  o f  the b lock an d  p h en o l  su b m ers io n  p r io r  to 
sectioning. T h e  te n d o n  sam ples  w ere  cut a t 4 pm  
th ickness  a n d  p laced on  Polylysine (B D H  L a b o ra to ry  
Supplies ,  U p m in s te r ,  U K )  4 %  A m in o -P ro p y l -E th o x y -  
Syline (A P E S ) co a te d  slides. P r io r  to  s ta in ing ,  the 
sections were dew axed  by im m ers io n  in xylene fo r  5 
minutes .  T his  w as followed by sequen t ia l  w ashes  in 
ab so lu te  a lcoho l ,  9 0 %  a lcohol a n d  7 0 %  a lcoho l .  T he  
slides were finally reh y d ra ted  in dis tilled w ater .  E n zy 
m at ic  d iges tion  w ith  pepsin  (400 m g  in 100 ml 0.1 m o la r  
hy d ro c h lo r ic  acid) for 10 m inu tes  a t  37°C  p ro v ed  the 
m os t reliable m e th o d  o f  an tigen ic  express ion  with 
m ax im al p rese rva t ion  o f  section  cy to -a rc h i te c tu re .  T he  
sections were then  w ashed  in Tris  Buffered Saline (TBS).

A m o n o c lo n a l  m o u s e -a n t i -h u m a n  a n t ib o d y ,  anti- 
CD 31 ( D A K O  Ltd , C am b r id g e ,  U K )  w as  used as the 
p r im a ry  a n t ib o d y  (also k n o w n  as P E C A M -1 ) .  T h is  had  
g o o d  species cross  reactivity  w ith  the  ra b b i t  tissue, and

.\ICP.i PIPJ DIP.I

.A4
A5

.A2 A3A1

Fig 1 Schem atic representation o f  the Pulley system in the rahbit paw. The photograph is o f  a Hind D igit 3, but the sam e pattern exists in the 
forepaw. AI A5: A nnular pulleys; mcpj: the m atacarpophalangeal joint; pipj: the proxim al interphalangeal joint; dip): the distal 
interphalangeal joint.



554 TH E J O U R N A L  O F  H A N D  S U R G E R Y  VOL. 25B No.  6 D E C E M B E R  2000

th is  w as con f i rm e d  using a positive co n tro l  o f  rab b i t  
kidney. D u e  to  the  very small n u m b e r  o f  endo the l ia l  
cells in ten d o n s ,  e n h a n c e m e n t  o f  the specific an tigen  
an t ib o d y  reac t io n  was achieved by using a C a ta ly tic  
Signal A m plif ica t io n  System kit (pe rox idase  K1500 
D A K O  L td , C am b r id g e ,  U K ) .  In betw een  each step, 
m e t icu lo u s  w a sh in g  w ith  fresh T B S fo r  3 x 5  m inu tes  
were p e r fo rm e d  a n d  the m a n u fa c tu re r s '  in s truc t io ns  
were a lw ay s  carefully  followed. T h e  sections were then  
lightly c o u n te r - s ta in ed  w ith  H a r r i s ’s h aem a to x y l in  for 
10 seconds ,  w ashed  in ta p  w a te r  an d  d e h y d ra te d  b ack  to 
xylene rea d y  fo r  covers lip  m o u n t in g .

T h e  re su l tan t  b ro w n  s ta in ing  o f  the  endo the l ia l  cells 
w as o f  sufficient c o n tr a s t  to use an  im age analys is  system 
(Seescan, C am b r id g e ,  U K ,  im age p ac kag e  linked to  a 
Zeiss m ic ro sco pe )  for v isualiza tion  a n d  a u to m a te d  
q u an ti f ica t io n .  E ach  sec t ion  w as ana lyzed  for vessel 
n u m b e r ,  to ta l  vessel a re a  a n d  te n d o n  cross-sec t ional 
area . A l th o u g h  nearly  300 slides were s ta ined  in this 
w ay, th e  results  were o b ta in e d  f rom  fo u r  different 
te n d o n s  from  the  fo rep aw  (D ig its  2 to  5) an d  fou r  
ten d o n s  f rom  the  h in d p a w  (D igits  2 to 5). A l th o u g h  the 
te n d o n s  were from  dilTerent rabb i ts ,  it w as felt tha t  
s ta tis t ica l  analys is  w as in a p p ro p r ia te .

R E S U L T S

T h e  o b se rv a t io n s  m ad e  from  the digita l d issections 
revealed  a consis ten t  p a t t e rn  o f  a n a to m y  w ith  five 
fu n c t io na l  specia liza tions, o r  pulleys, per digit (F ig  1 ). 
T h e  A 1 pulley a ro se  from  the neck o f  the m e taca rp a l  
an d  the  p ro x im a l aspect o f  the  m e ta c a rp o p h a la n g e a l

jo in t  p a lm a r  plate. A  very n a r ro w  A 2  pulley  a rose  from  
the base o f  the p rox im a l  p h a la n x  a n d  a p ro m in e n t  A3 
pulley from  the neck o f  the p ro x im a l  p h a la n x  a n d  the 
p a lm a r  p la te  o f  the P IP  jo in t .  A p ro m in e n t  A 4 pulley 
arose  f rom  the base o f  the m idd le  p h a la n x .  T h e  d is ta l A5 
pulley w as delicately  fo rm ed ,  bu t a lw ay s  presen t.  It w as 
m o re  a c o n d e n sa t io n  o f  f ibrous tissue b en e a th  the p ad  o f  
the digit at the level o f  the head  o f  the  m id d le  p h a la n x  
a n d  the p rox im a l  p o r t io n  o f  the D I P  p a lm a r  plate .  T h e  
insertion  o f  flexor d ig i to ru m  p ro f u n d u s  w as  at the  base 
o f  the  d is ta l p h a la n x  an d  the flexor d ig i to ru m  super- 
ficialis d iv ided in to  tw o la terally  o r i e n ta te d  slips b en ea th  
the A 2 pulley, as it does  in the h u m a n  h a n d .  A fte r  its 
course  th ro u g h  the  A3 pulley it inser ted  in to  the 
p e r io s teum  o f  p ro x im a l p a r t  o f  the  m idd le  p h a lan x  
p r io r  to  the A 4 pulley.

T h e  positive c o n tro l  o f  rab b i t  k idney  tissue show ed 
a g lo m eru la r  cap il lary  ne tw o rk  s ta ined  w ith  an t i -C D 31  
(F ig  2). D ue  to  the  a b u n d a n c e  o f  en d o th e l ia l  cell 
'an t ig en '  it was n o t  necessary  to  am p l ify  the signal 
using the C a ta ly t ic  Signal A m pli f ica t ion  Kit as it w as in 
the ra bb i t  ten do n .  T h e  A ntigen  A n t ib o d y  co m p lex  was 
s ta ined  w ith  3 ,3 '-D iam in o b en z id in e  te t r a h y d ro c h lo r id e  
(D A B ) substra te  (Sigma, Poole, U K )  for 5 m inutes  
allowing light m icroscopic  assessment. F igure 3 is a 
typical result o f  the vessel sta ining p ro du ced  in rabbit 
tendons  w hen  using the CD31 p r im a ry  an t ib o d y  in 
conjunction  with the C ataly tic  Signal A m plifica tion  Kit. 
T he  a rrow  shows a vessel in cross-section with the paten t 
lumen and  the walls sta ined d a rk  b row n. This  typical slide 
is f rom  a h ind paw  intrasynovial section co rresp on d ing  to 
the A3 pulley. O ne  can clearly see the vessels are  situated 
within the substance  o f  the tendon  core.

V • f f

' AT, . $
Fig 2 Positive control: rabbit kidney stained with primary antibody CD31 (1 in 50 dilution). N o  signal am plification was required. ( x 200  

m agnification.) Arrow: points to the rich endothelium  o f  the glom erulus.
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T o ta l  vessel n u m b e r  w as c o u n ted  using an  im age 
analys is  p a c k a g e  l inked  to  a Zeiss m icroscope .  F igure  4 
p lo ts  the n u m b e r  o f  vessels per  fo repaw  tissue section 
aga ins t  the  lo ca t ion  o f  the section. T h e  x-axis there fo re  
rep resen ts  a l inear an a to m ic a l  p rogress ion  from  the 
ex tra syn ov ia l  p o r t io n  o f  the flexor te n d o n  p rox im ally ,  
th ro u g h  the  sh ea th  to  its inser tion  dis tally. F o u r  
tend on s ,  one  fro m  each  digit (2 -5) were assessed in this 
way an d  the av e rag e  n u m b e r  o f  vessels a t each site w as

also p lo t ted .  T he  m ean  n u m b e r  o f  vessels in the  ten d o n  
p ro x im a l to  the flexor shea th  w as 37 p e r  cross-sect ion  
rep resen ting  a c o m b in a t io n  o f  co re  a n d  periphera l ly  
o r ien ta ted  n e tw o rks .  O nce  the ten d o n s  becam e  in t ra sy 
novial ,  the n u m b e r  o f  vessels d ro p p e d  to  an  ave rag e  o f  
18 per  section a t  the  level o f  the  A1 pulley. A g a in  these 
were b o th  cen tra lly  an d  periphera l ly  s i tua ted .  By the  A2 
pulley, the te n d o n s  were avascu la r ,  a n d  they rem ain ed  
so until the insert ion  o f  the v incu la r  vessel b e tw een  the

l ig 3 Typical staining pattern o f  intratendinous vessels with CIT31 (1 in 50 dilution) and signal am plification. ( x 400 m agnification .) Arrow; 
Points to a stained core vessel.
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Fig 4 Forepaw vessel num ber per transverse tendon section at different anatom ical sites a long its course.
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A 4 a n d  A5 pulleys. D istal to  this  po in t ,  co re  an d  
p er iphera l  n e tw o rk s  were ag a in  p resen t  with an  average  
c o u n t  o f  25 per cross-section.

W h e n  the  sam e s ta in ing  m e th o d  w as app lied  to  the 
fou r  ten d o n s  (digit 2 -5 )  o f  the  h in d p aw , a different 
p a t te rn  o f  vascu lar i ty  em erged  (F ig  5). T h e  m o s t  
o bv io us  d ifference w as the lack o f  a co m ple te  a v ascu la r  
zone  betw een  the A 2 an d  A 4  pulleys. A gain  the highest 
average  c o u n t  w as in the ex tra sy no v ia l  region (43 per  
cross-section) .  It then  d ro p p e d  to  10, 9 an d  th en  11 from  
the A1 to  the A3 pulley respectively. In these sites the 
core  vessels were largely confined  to  the d o rs u m  o f  the 
cross-sections . T he  dis ta l resu rgence  o f  in t r a te n d in o u s  
vessels ag a in  co r re sp o n d e d  to  the v incu la  a n d  their  en try  
po in t  in to  the te n d o n  su b s tance  ju s t  p ro x im a l to  the  A5 
pulley. T h e  average  c o u n t  a t  this site was 24.

In o rd e r  to  d e te rm ine  if vessel n u m b e r  w as a reliable 
in d ic a to r  o f  ' t e n d o n  v ascu la r i ty '  to ta l  vessel a rea  per  
cross-sect ion  w ere d e te rm in e d  by su m m a t in g  the a reas  
o f  all the ind iv idua l vessels per  cross-section . T e n d o n  
cross-sect ional area  w as also  ca lcu la ted  w ith  the  aid  o f  
the im age  analys is  pack age .  T h e  p e rcen tag e  o f  te n d o n  
section ta k e n  up  w ith  vessels w as te rm ed  the V ascu la r i ty  
Index, a n d  ca lcu la ted  using the fo rm ula ;

V ascu lar i ty  Index =  

f T o ta l  vessel a re a  per sec tion  

[ T e n d o n  section c ro ss-sec t iona l area
X 1 0 0

T h e  re su l tan t  index is g ra p h e d  agains t  a n a to m ica l  
sites. T h e  fo repaw  ten d o n s  w ere g rap h ed  indiv idual ly ,  
and  as an  average  (F ig  6). T he  average  fo repaw  ten d o n  
vascu la r i ty  index follows the  sam e  sh ape  as F igu re  4. In 
the ex trasynov ia l  p o r t io n ,  0 .6 6 %  o f  the te n d o n  cross 
section is tak en  up  w ith  vessels: this reduces to 0 %  
betw een the  A 2 a n d  A 4 pulleys a n d  then rises to  0 .4 4 %  
at the A5 pulley level. S imilarly  sh ap ed  g ra p h s  a re  seen

for h in d p a w  te n d o n  vascu la r i ty  index (F ig  7) an d  vessel 
n u m b e r  (F ig  5). T h e  ex tra sy no v ia l  p a r t  o f  the ten d o n  
h ad  an  index o f  0 .7 3 % , w hich  d ro p p e d  d ra m atica l ly  
af ter  shea th  en try . F ro m  the  A 2 pulley o n w ard s ,  the 
index percen tage  increased unti l  ju s t  over  0 .6 %  o f  the 
ten d o n  c ross-sec t ion  at the A5 pulley level w as taken  up 
with vessels.

D I S C U S S I O N

V ariou s  a u th o r s  have  used a ran ge  o f  techn iques  to 
assess te n d o n  v ascu la r i ty  in a n u m b e r  o f  different species 
(Brockis,  1953; G e lb e rm a n  et al., 1991; L u n d b o rg  an d  
M y rh ag e ,  1977; P en n in g to n ,  1979; T ak asu g i  et al., 1978; 
W a r re n  et al., 1988). T h ey  have  resulted  in qua li ta t ive  
d escr ip tions  o f  the  in tr ica te  m ic ro v a sc u la r  a n a to m y  with 
a s su m p tio n s  as to its im p o r ta n c e  in te n d o n  physio logy  
an d  p a tho lo gy .  O u r  a im  w as to  p rov id e  a precise 
q u an t i ta t iv e  a c c o u n t  o f  the  m ic ro a n a to m y  o f  te n d o n  
vessels using im m u n o h is to c h e m is t ry .  T h is  m e th o d  has 
p rev iously  been used to  assess ang iogenesis  in hern ia ted  
lu m b a r  discs (Virri et ah , 1996). W e chose  the N ew  
Z ea lan d  W hite  rab b i t  as o u r  m odel because  it has 
b ecom e p o p u la r  fo r  the s tud y  o f  healing in b o th  in tra  
an d  ex trasynov ia l  tend on s .  T h is  is because  the rab b i t  
t en d o n  is easily exposed ,  a llow ing  acc u ra te  a n d  re p ro 
ducible  m a n ip u la t io n s ,  th e re fo re  m a k in g  larger an im al 
m odels  o ften  unnecessary .  T h e  m a jo r i ty  o f  s tudies  have  
uti lized te n d o n s  f rom  the  fo repaw  in this species 
(A b ra h a m s s o n  et ah , 1989; C h a n g  et ah , 1997: C h a n g  
et ah, 1998; K a n g  a n d  K an g ,  1999).

A n  initial d issection  s tu dy  o f  41 digits  w as c o n du c te d  
d ue  to  the  lack o f  consis ten t  desc r ip t io ns  o f  the flexor 
shea th  a n d  te n d o n  a n a to m y  in the l i te ra ture .  T h e  
n u m b e r  o f  pulleys reco rd ed  in p rev ious  research  ranges 
from  three to six (A b ra h a m s s o n  et ah , 1989; H a n f l 'a n d
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Abrahamsson, 1996; Matthews, 1976; Moro-oka T,
1999), but we found a high degree of consistency both at 
an intra- and inter-specimen level. The pulley system 
exhibited a very similar anatomical layout to that 
described in man by Katzman et al. (1998), with five 
pulleys always present. The main differences were in 
their origins and sizes. In the rabbit, the A2 and A5 
pulleys are less prominent than the human equivalents. 
The A2 pulley is comparatively much narrower and in 
close vicinity to the larger A1 pulley. The A5 pulley in 
the rabbit is a more delicate anatomical structure, being 
little more than a condensation of fibrous tissue beneath 
the pad of the digit. The largest and best-defined pulleys 
are A3 and A4. There was in addition, only one 
vinculum (brevum) present. These findings are true for 
both the hind and forepaws. With this information we 
could adequately compare tendons at specifically 
defined anatomical sites.

Cadaveric perfusion studies have described a reduced 
vascular zone in the palmar half of flexor tendons in the 
region between the A2 and A4 pulleys. Lundborg and 
Myrhage (1977) noted the longitudinal core vessels in 
the proximal part of the intrasynovial flexor digitorum 
profundus continuing distally in the dorsal aspect of the 
tendon between the A2 and A4 pulleys. Distal to this the 
core substance of the tendon is supplied by vessels 
derived from the vinculae. In contrast, Gelberman et al. 
(1991), who also utilized India ink perfusion, described 
a totally avascular zone of the ffexor digitorum 
profundus between the A2 and A4 pulleys in the 
forepaw of a dog. Using a specific and precise method 
of endothelial localization we have shown in the rabbit 
model that the vascular patterns described by both 
Lundborg and Gelberman in different species, co-exist 
in the rabbit. We have also shown that vessel number 
and the ‘Vascularity Index’ are good measures of tendon 
vascularity. Although individual vessel diameter varied 
between sections, the mean vessel diameter stayed very 
constant from section to section.

Differences in intra-tendon cross-sectional area at 
different points within the ffexor sheath have been noted 
in humans (Martin, 1958; Walbeehm and McGrouther, 
1995) and this study has shown that the shape and size 
of the intrasynovial tendon section also varies in the 
rabbit (Figs 6 and 7). The observed differences between 
hind and forepaw deep ffexor blood supply might be due 
to these differences in tendon size, as the smaller the 
tendon diameter, the easier it is to obtain nutrition by 
synovial diffusion alone. With an increase in tendon size, 
an additional nutritional source is needed, hence the 
concentration of intrinsic vessels in the larger areas. 
Although one could derive this argument for the 
forepaw from Figure 4 alone, the sections of least blood 
supply in the hindpaw tendons are not in the parts of the 
tendon with the smallest diameter. An alternative 
explanation might be the different mechanical functions 
at the two tendon sites. The larger hindpaw is involved 
in stronger locomotive actions and most of the rabbit’s
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weight at rest is transmitted through the hindpaw at 
various points such as the metacarpophalangeal joint. 
This corresponds to the least vascular zone of the 
hindpaw tendon. One can therefore postulate that the 
palmar reduction in vessel number is a direct result of 
pressure from the prominent metacarpophalangeal 
joint. In contrast the forepaw is involved in more 
intricate movements such as feeding and preening and 
the constant pressure applied to the smaller forepaw 
tendons might prevent angiogenesis between the A2 and 
A4 pulleys.

In conclusion, we have shown that two distinct 
patterns of tendon vascularity co-exist within the | 
rabbit’s ffexor digitorum profundus tendons. We pro
pose that as the rabbit model is becoming increasingly 
popular in the study of tendon physiology and 
pathology, only the hindpaw tendons should be studied. 
This is because they exhibit similar microvascular 
architecture to that of the ffexor digitorum profundus 
tendons in man.
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S TRENGTH OF THE I NTRI NSIC MUSCLES OF THE H AND  
M E A S U R E D  WITH A H A N D - H E L D  DYNAMOMETER:  

RELIABILITY IN PATIENTS WITH U L N A R  A N D  MEDI AN  
NERVE PARALYSIS

T. A. R. SCHREUDERS, M. ROEBROECK, TH. J. M. VAN DER KAR, J. N. M. SOETERS,
S. E. R. HOVIUS and H. J. STAM

F rom  the D e p a r tm e n ts  o f  R e h a b ilita tio n  (H a n d  th era p y  u n it)  a n d  R e co n stru c tive  a n d  P la s tic  S u rg ery , U n iversity  H o sp ita l
R o tte rd a m , D ijk z ig t , R o tte rd a m , The N e th erla n d s  "

The aim of this study was to assess the reliability of a technique to measure the strength of the 
intrinsic hand muscles. Intraclass Correlation Coefficients showed an excellent level of reliability 
for the comparison of muscle strength between groups of patients. However, for the results of 
individual patients, the calculated Standard Error of Measurements (10-16% ) and the Smallest 
Detectable Differences for intraobserver (31-36% ) and interobserver (37-52% ) values indicate 
that only relatively large changes in strength can be confidently detected with this technique. The 
results of the present study were compared with those of four previous grip strength studies.
Journal o f  Hand Surgery (British and European Volume, 2000) 25B: 6: 560-565

Many functions of the hand are derived from the 
intrinsic muscles of the hand. According to Ketchum 
et al. (1978) loss of the intrinsic muscles causes an 
“awesome decrease” in the functional efficiency of the 
hand. When the ulnar and/or median nerve is affected 
by injury, compression or by other neurological 
pathology, the intrinsic muscles of the hand are 
weakened or paralysed. Testing the strength of the hand 
muscles provides information for diagnosis, and for the 
assessment of the outcome of surgery and therapy. In 
view of the many recently developed techniques for 
nerve reconstruction (Frykman, 1993) (e.g. tubes, laser, 
glue, etc.) it is important to have a precise, reproducible 
and standardized method of evaluating the muscle 
strength recovery.

Manual Muscle Strength Testing (MMST) according 
to the Medical Research Council (MRC) Scale (Medical 
Research Council, 1954) is routinely used by physicians 
and therapists (Brandsma et al., 1995). MMST is a 
reliable and quick method but is difficult to quantify 
(ordinal scale) and its sensitivity to change between 
grades 3 and 5 is low (van der Ploeg et ah, 1984).

Quantitative measurements of muscle strength with 
grip and pinch meters may provide more accurate 
measurements of strength and may be more sensitive to 
change. Dynamometry is a popular means of expressing 
strength in a quantitative manner (American Society of 
Hand Therapists, 1981; Fess, 1986; Mathiowetz, 1991), 
and grip and pinch strength measurements are used to 
determine the efficacy of hand therapy and surgical 
treatment (Swanson et ah, 1995). Other instruments 
which can be used include the MicroFET (van 
Langeveld et ah, 1996), the sphygmomanometer 
(Lusardi and Bohannon, 1991), and the Ci tec hand-held 
dynamometer (Geertzen et al., 1998). However, these

instruments mainly measure the strength of the extrinsic 
muscles and not the intrinsic muscles of the hand in 
isolation (Bohannon, 1995). Mannerfelt (1966, 1997) has 
developed an instrument which can measure the muscle 
strength of some intrinsic hand muscles, but Rosen 
(1996) has reported that this instrument is difficult to 
handle and read.

Test-retest reliability is concerned with the extent to 
which an instrument yields reproducible results with 
repeated measurements under the same conditions. 
Reliability can be expressed for the same observer 
(intraobserver reliability) and for different examiners 
(interobserver reliability). Reliability of measurements is 
a prerequisite for proper application in clinical practice.

The aims of this study were to evaluate a clinically 
applicable, objective method of measuring the intrinsic 
muscle strength in a quantitative way, and to determine 
the intra- and interobserver reliability of these measure
ments in the hand.

MATERIAL AND M ETHODS

The testing device was a lightweight (0.5 kg). battery 
operated, strain gauge dynamometer (Aikoh Model 
9520AB, Aikoh Engineering Co. Ltd Tokyo, Japan) 
which is generally used for industrial precision measure
ments. The measuring range of the dynamometer, which 
records peak forces, is 0 kg to 20 kg, with an accuracy of 
0.2%. A gutter shaped, 1.5cm wide pad was custom 
made to match the shape of the finger and was fitted to 
the dynamometer (Fig 1).

We tested both hands of 24 patients with peripheral 
nerve lesions: there were 20 males and 4 females with age 
range of 16 to 71 (mean, 39) years. All patients had
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