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ABsrRAcr 

Although cer tain aspects of connective tissue structure have been 

studi ed in considerable detai l, comparatively l i ttle e ffort has been 

devoted to studying one of the largest structural uni ts present in 

mos t  tissues the col lagen fibr i l .  In this thesi s  electron 

microscope observations have been made on the transverse dlinens ions of  

f ibr i ls from t i ssues as d iverse as cornea, skin and tendon . Collagen 

f ibr i l  d iameter distr ibutions have been measured for such tissues from 

a wide range of animals predominantly mammals, .but also f i sh ,  

amphibians, repti les and b i rds - at varying stages o f  development . 

These data have allowed the growth of  collagen fibr i ls to be s tud ied 

quant i tatively and their si ze d istributions to be related to the i r  

mechanical a ttr ibutes . Di seased tissues o r  tissues containing 

anomalous fibr i l  diameter d istributions have also been stud ied and , 

where poss ible, the data have been related to the a ltered mechan ical 

propert ies of the tissue and to its mode of growth and development . 

In  a coordi na ted study wi th other research workers , the content of the 

ind iv idual glycosarninoglycans in a tissue have been shown to be 

related to the mass-average d iameters of the col lagen fibr ils in those 

t i ssues . These results provide a bas i s  for urrlerstand ing the feedback 

mechani sm  by which f ibr il  s i ze d i str ibutions may be mod ified in l i ne 

with chang ing mechanica l  needs and ind icate the furrlarnental steps in 

the growth and development of f ibr il s .  

In add i tion to these stud ies, two other speci fic problems were 

addressed . In the f irst, the ultrastructure of a spec ialized 

connective tissue the cornea was stud ied in deta i l .  By 

ma intaining precise exper imental protocols and measurement procedures 

i t  was shown, contrary to the prev ious 'data of others, tha t  the 
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collagen f ibr ils i n  mammals , b i rds , repti les ,  amph ibians and 

car t i lag inous fish were simi lar to one another but · signif icantly 

di fferent to the corneal stromal f ibr ils of the bony fish. Further 

stud ies , which indicated that the fibr i ls were constant in d i a�eter 

across the width of the stroma , clar i f ied prev ious results which had 

ind icated a g radual change in d iameter with varying depth in ti1e 

stroma . An age-related study of fibr i l  diameters in the cornea was 

also undertaken . The second problem investigated was the degree o f  

shr inkage i ntroduced dur ing the preparative procedures for electron 

microscopy . I n  col laborative stud ies with others , X-ray and electron 

microscope observations were made on the same tissue in hydrated and 

dehydrated states respectively.  Analyses of these data indicated that 

sign i f icant lateral shr inkage does i ndeed occur in f ibr ils from foetal 

or imnature tissues as well as in mature tissues conta ining only small 

d iameter f ibr ils . Throughout the thesis possible sources of artefact 

introduced by . the technique of electron microscopy have been 

considered and the data interpreted conservatively. 
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1 

CHAPTER ONE 

THE COLLAGENOUS COMPONENT OF CONNECTIVE TISSUES 

1 . 1  Introduction 

Collagen is a truly ubiquitous fibrous protein . I t  is  the major 

protei n  cons ti tuent of all  ver tebrate speci es and has been es tima ted 

to account for about 25% of  all the body protein in ma�als (Harkness , 

1961)  • Collagen occurs in a variety of macroscopic forms in t issues 

as diverse as ski n , tendon , blood vessels ,  cartilage , bone , cornea , 

vi treous humour and basement membranes , and i s  present in the 

framewor k  and interstices o f  all other tissues and organs with the 

exception of blood , lymph and the keratinous tissues . In  most cases 

the dominant role of the collagen is to provide the tissue •.-Ji::h a 

structural integ r i ty ;  the mos t  s i ngular feature whic� per.n its 

col lagen to play thi s  support ive role is  the high tensile strengL� of 

its f ibrils . This property i s  due to i ts unique molecular 

conformat ion which is bestowed upon it by the regular repeating unrts 

in the amino ac id sequence , the highly spec i f ic alignment an:J pac�<:ing 

of the molecules in the fibr i ls in the extracellular matrix and the 

axial and lateral cohes ion a f forded by the format i on of intermolecular 

covalent crosslinks . Knowledge of the structure of the collagen 

molecule i s  therefore of considerable importance i f  the mechan isns of 

f ibr i llogenesis , the modes o f  fibr i l  growth and the properties of 

collagenous tissues are to be understood . There have been many 

extens ive reviews of collagen structure and function to date ( see for 

ex��ple: Traub and Piez , 1971 ; Miller , 1976 ;  Fietzek and Kuhn , 

197 6 ;  Ra�achandran and Ramakrishnan , 1976 ; Glanvi l1e and Kuhn , 1979 ; 



Bornstein  and Traub , 1979 ; Fraser et al . ,  19 79a ; 

1980 ; Ba i ley and Ether ington , 198 0 ;  Brodsky and 

Parr y  and Crai g , 1984 ) . 

1 . 2  The Structural Hierarchy of Collagen 

1 . 2 . 1 .  The Col lagen Molecule 

2 

Bornste in and Sage , 

Eikenberry , 19 8 2 ;  

The col lagen molecule i s  composed o f  three polypept ide cc-cha ins . 

Each o<-cha i n  adopts a left-handed po lyproline type hel i x w i th th ree 

res idues per turn (Cowan and M:::Gav in , 1955)  • The t.hree 

si�i larly-d irected oe-cha i ns co il about a common a x i s  to form a 

r ight-handed tr iple-hel ical structure with a superco i l  pi tch length of 

- 8 . 6  nm ( Ramachandran and Kartha 195 5 ;  Fraser et al . ,  198 3 ;  see 

Figure l . l ) , a width of 1 . 5  nm and a leng th o f  -300 nn .  Short 

non-hel ical extens ions of five to 25  amino acids are found at both t.,e 

&�ino- and carboxy-terminal ends of the chains .  One thi rd of all  the 

residues in the hel ical por tions of the oe-cha ins are glycine , such 

that the sequence can be represented by (Gly-X-Y) n (where n = 3 38 for 

Type I col l agen) and 25% of the res idues X and Y are accounted for by 

the imino ac ids prol i ne and hydroxyproline . The nature of the 

three- fold hel i x  of the ind iv idual 0<.-chains is such that the glycine 

residues a ll  l ie along one edge . Consequently when the cha i ns came 

together to form the triple-hel ica l  col lagen molecule , the glycine 

side-chai ns (which cons ist of but s ingle hydrogen 'atoms ) are all 

d i rected towards the core of the molecule ,  thus· faci l i tating 

chain-packi ng . In  add i tion interchain hydrogen-bonds stabi l i ze the 

structure thus adopted . Ini tial work suggested that the hel i x was 

stabil i zed by one intercha in hydrogen-bond per tr iplet (Tr3ub et al . ,  

1969 ) . I t  was also suggested that at least one water br idge per 



3 

Figure 1.1 Space-filling model of the collagen molecule 3S refined by Fraser 
et 31., 1983. Three similarly directed o(.-chains coil about the axis arrl f or:n 
a-right-handed triple-helical structure with a supercoil pitch lengt� of t�e 
order of 8.6 rrn .  This figure has kindly been provided by Dr. R.D.B.Fraser, 

CSI�O Division of Pro tein Chemistry, Melbourne. 



tr iplet could be fonned and that this may involve hydroxyprol ine 

res idues (Traub , 1974)  • Refinement of the molecular structure of 

col l agen ( Fraser et al . ,  1979a , 1979b) has confi rmed the presence of a 

single interchain hydrogen-bond per tr iplet but has also ind icated 

that hydrogen-bonded networks of water molecules be tween the carbonyl 

groups of  the Y and glycine res idues are involved in the stabil isation 

of the molecule. 

Pr ior to hel ix formation there is a selective hydroxylation of 

many of the prolyl and lysyl res idues . Thi s  i s  fol lowed by 

glycosylation of many of  the resulting hydroxylysi ne res idues (Fessler 

and Fessler , 1978) . I n  the helical portion of the molecule , the 

sacchar ides galactose or glucosylgalactose are attached v ia a 

glycosid i c  linkage to the hydroxyl groups of spec i fic hydroxylys ine 

res idues . Preprocoll agen molecules are synthes i sed not only with the 

terminal non-hel ical portions which exist in collagen molecules , but 

also with both carboxy- and amino- terminal extens i on peptides ( see 

Figure 1 .  2) 

extracel lular 

biosynthesis 

which are removed by spec i fic peptidases in  t�e 

processing prior to fibrillogenes i s . The cellular 

of collagen molecules and thei r  ex tracel�ular assembly 

into fibr i ls is summar i zed in Figure 1 . 3 .  

A nunber of genetically distinct "types" of coll agen o<.-chain 

have been chemica lly character i zed .  The predominant form of collagen 

in connective tissues i s  known as Type I collagen . Th i s  molecular 

species con ta ins two CX:.l ( I )  chains and one oC. 2 cha i n  and thus a 

molecular compos i tion designated [oCl ( I ) ]2 oG2 . In contrast Type I I  

and Type I I I  molecules each conta in three identical �-cha ins known as 

�l ( I I )  and �l ( I I I ) respectively . The designations of these and 

further genetica l ly d is t inct collagen types and a l ist of tissues in 



�---------------- Procollagen molecule 

I N-terminal I 
� propeptide ., : Collagen molecule __________ __. 

I (15 nm) 1 (300nm) 
I 
I 
I 
I 
I 
I 

Triple-helical region 

1.5 nm 

I 
I 
I 
I 
I I I I . I 1 1--Giobular re giOn-. 
1 I I 
I I 
I I 
1.----! 

Non-helical region 

Figure 1.2 Schan:�tic represent:�tion of the structure of the procollagen 
'nolecule (after Prockop et al., 1979). The symbols Lys 9, Hyl 103, Hyl 946 
an<i Lys 1047 represent the sites of the lysine arrl hydroxylysine residues 
which t.-Jke part in the intermolecular covalent crossl inks. 
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which they occur is given in Appendix 1 .  

The differing oe-chains are characterized not only by their amino 

acid sequence but also by their differing chain lengths and differing 

degrees of glycosylation. Type I collagen has 1014 residues in the 

helical (triplet) regions of the oel(I) and the homologous oG2( I )  

chains while Type III collagen has 1023 residues in the helical 

regions of its "'l(III) chains. Type I and Type III collagens have a. 

carbohydrate content of about 0 . 4% whereas there is about 4% 

carbohydrate in collagen Type II. In the latter case about 40% of th� 

hydroxylysine residues are glycosylated (Miller, 197 1 ) . With the 

exception of the carboxy-terminal telopeptide in the �2( I )  chain, the 

amino- and carboxy-telopeptide regions of the oG-chains in Type I ,  I I  

and I I I  collagen molecules each contain a lysine residue involved m 

for.ning a covalent crosslink. I n Type I collagen such crosslinks are 

for.ned between hydroxylysine 103 in collagen molecule l and the 

carboxy-terminal telopeptide lysine 1047 1n molecule 2 and bet·Neen 

hydroxylysine 946 of molecule 2 and the amino-terminal telopeptide 

lysine 9 of molecule 1 (see Figure 1 . 2 ; Glanville and K��n, 1979 ; 

Light and Bailey, 1979 ) . 

Type IV collagen has a much higher carbohydrate content (-10%) 

than the other molecular species. It also has a total triplet leng�� 

which is greater than either Type I or Type III collagen but it is 

believed that the major triplet segment has frequent interruptions 

giving rise to discontinuities in the helix (Schuppan et �., 1980) . 

Such interruptions will possibly cause greater flexibility of the 

molecule (Timpl et al., 1981)  and may be responsible for its appa::::ent 

lack of ability to form D-periodic fibrils. Timpl et al. , ( 198 1) 

using rotary shadowing have shown that Type IV collagen molecules 
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agg regate to form a lattice of side - 80 0  nm. 

1 . 2 . 2 .  The Col lagen Fibr i l  

Collagen fibr i ls observed by electron microscopy have a regular 

cross-str iated (banded) appearance ( Hall et al . ,  194 2; Schm i tt et 

al . ,  194 2; Wblpers , 19 4 3 )  with the period of band ing be i ng desi gnated 

by the symbol D C67 rnn). This D-per iod has been confi rmed many times 

from X-ray d i f fract i on stud ies on native hydrated connective t issues 

(see for example Bear , 1942; Mi l ler and Parry, 1973; Brodsky and 

Eikenberry , 1 9 8 2 ) . The detailed elec tron microscope appearance of the 

D-per iod i s  dependent on the method of  sta in ing; negati ve-staining 

results in one predominantly d ar k  staining band and a second 

predominantly l ight staining band each -D/2 long (Tromans et al . ,  

1963;  Olsen , 1963;  Hodge and Petruska , 1963) . Alternatively , 

positive-sta i n i ng produces a polar i zed D-per iod conta ining 12 or 13 

narrow darkly-staining bands (Gross and Schmi tt , 194 8; Nemetschek et 

al . ,  1955;  Bruns and Gross , 1974) . 

Using these data the arrangement of molecules within the collagen 

fibr i l  was proposed by Schm i tt et al . ,  ( 19 55) ; they suggested that 

the molecules were staggered axially by a distance D with respect to 

the i r  neighbours . I t  was thought that the molecules were i� 

end-to-end contact and that the leng th of the molecule was equal to 

40 . Thi s  model formed the basis  o f  the class ical "quar ter-stagger" 

hypothes is . Later , Hodge and Petruska ( 1963)  determined the leng th of 

the molecule more accurately as 4 . 4D and thi s  impl ied that gaps -o.6D 

( 4 0  nm) ex i st between molecules axially staggered wi th respect to one 

another by 5D. This model has a D-per iod contain ing an "overlap 

reg ion" of 0 .  4 D  and "gap region" of 0 .  6D and thi s  accounts we ll for 



the l ight and dark bands seen in electron micrographs of negat ively 

sta ined f ibr ils . More recent determ i nations of these parameters 

suggest that the molecule, includ ing the telopeptides , i s  about 4 . 470 

long and that the gap and overlap reg ions are about 0 . 470 and 0 . 530 

respectively (White et al .,  1977) . The col lagen molecule may thus be 

schemat ically represented as f i ve segments, the f i r st four be ing of 

length D and the f ifth of length 0 . 4 70 .  This 0-per i od ic arrangement 

is i llustrated in the negat ively sta ined whole-mount o f  coll agen 

f ibr i ls in Figure 1 . 4 .  

-�Y ar rangement of molecules having a projected axial per iod of D 

must conta i n  equa l  numbers of each o f  the five segments in each 

0-per iod (Doyle et al., l974a) ; thus "the simplest arrangement of 

collagen molecules with a true ax ial per iod of D will conta in five 

molecules i n  transverse sect ion, each contr ibuti ng a d i f ferent segnent 

to the D-per i od" ( M i l ler, 1976 ) . Th is feature was indeed recognized 

by Smith (19 68) who i ncorporated it in h i s  model of the sub f ibr illar 

structure of collagen the fi ve-stranded microfibr i l .  X-ray 

d i f fraction stud ies of M i l ler and wtay ( 19 71)  lent credence to sue� a 

structure which they pred icted would have a d iameter of -3 .8 nm .  

Mi ller and Parry ( 1973)  suggested that such f ive-stranded microf ibr ils 

were supercoi led and packed together on a square latt ice . Thus ��e 

substructure of the collagen f i br il s  could be accounted for bv 

tetragonal ly ar ranged groups of four microfibr i ls forming a unit cell 

of s ide - 7 . 6  nm (2 x 3 . 8  nm) . Dur ing the per iod 197 3  to 1979 a large 

number of other model s were also proposed . 

and 8-stranded models as wel l  as model s 

These included 2 - ,  4-, S

i n  whi ch the collagen 

molecules were packed i n  l iquid crystall ine arrays. References to 

th�se and other models are c ited in Appendix 2. 
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Fig ure 1 .4 Negatively stained preparation of collagen fibr i ls showing 
D-periodic band ing consi sting o f  al ternate dark (gap ) and l ight ( overlap) 
band s .  Thi s  pa ttern is generated by staggering col lagen molecules 300 nm long 
(4.470) by �ult i ples o f  0 in a d i rection parallel to the fibr il ax i s .  This 

g ives r i se to a D--period -67 nn and gap and overlap reg ions of 0.530 and 0.47D 
respectively . Magn i f ication : 200 000 X. 
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It would thus seem evident from both X-ray d i f f raction and 

electron microscopy (Bear , 194 2 ;  Pease and Bouteille,  1971;  Anderson 

and Sajdera , 1 971 ; L i l l i e  et al . ,  1977 ; Ruggeri et al� , 1979 ; Parry 

and Cra i g ,  1 979 ; Squi re and Freund l ich , 1980) that the nat i ve 

col lagen f ibr i l  has an ordered filamentous D-per i odic substructure of 

some kind . The three-d imens ional crystal model of Hulmes arrl M i l ler 

( 1979) , based on a reinterpretation of the X-ray data , is in conf lict 

with the micro fibr i l lar model s .  For instance it does not demarrl an 

ordered structure intermed iate between the molecule and the f ibril but 

rather suggests that single molecules are axially ti lted (-5° in 

tendon) and packed in a 11quas i-hexagonal11 array. Further ref i nement 

o f  the X-ray data by Mi ller and Tocchetti ( 198 1) , Fraser and MacRae 

( 1981) and Fraser et al . ,  ( 1983 )  prov i de strong support for th is 

model. Compressed micro fibri llar model s (Ba i ley et al. , 198 0 ;  Trus 

and Piez , 19 8 0 ;  Piez arrl Trus , 1981)  have also been o f fered as a 

compromise between the single molecule and microfibrillar school s of 

thought. 

1 . 3  The Nature of Col lagenous Tissues 

1 . 3 . 1 . The Cel lular Components 

Collagenous tissues have a cell ular component , a fibrous 

component and an extracellular matri x .  Hmvever , the re la ti ve 

composition o f  the tissue changes s i gn i ficantly with age (see Figures 

l. 5 and l .  6 )  • The cells o f  col lagenous ( connective) tissues are 

diverse , and may be described as either 11fixed11 or 11Wandering11• The 

migratory cells include monocytes , lymphocytes , p l asma cells, 

eosinophils , neutrophils and mast cel l s  and are present for a variety 

of functions including phagocytos i s  of e f fete and dying cellu lar 

elements and also antibody and histamine production for the 
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Fig ure 1 .5 Electron micrograph showing the collagen fibr i l s  in developing 
(18 day foetal )  rat tai l-tendon. The fibr ils have a sharp unL�od3l 

distr ibution of d ia�eters (mean -25 nm) and are grouped into what will later 
becane large col lagen " fibres" . The cellular elenents o f  the connective 
t issue are sti l l  very evident at thi s  stage of development. Magn i f ica tion : 
40 000 X. 
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Figure 1 .6 Electron micrograph showing the collagen fibri ls in mature 
( adult) rat tail-tendon. The tissue now has a broad bimodal distribution of 

fibril di��eters, the largest being -soo nn. Two darkly-stainin� elastic 
fibres are also seen in this section; in this preparation the elastic fibrils 
�ave been enhanced by post-staining with 0.2% Orcein in 50% ethanol after 

Naka�ura et al., 1977. �gn ifi ca tion : 16 �00 X. 



i nflamma tory and au to-immune responses . The fixed population of cells 

include und i f ferentiated mesenchymal cel l s ,  macrophages , ad ipocytes 

and fibroblasts . Of all  of these cell types i t  is  only those playing 

a f ibroblastic role which are of  importance for cons ideration in th i s  

thes i s .  Such cells , the f ibroblasts , d i fferent iate from mesenchymal 

cel l s  and are the predominant cel l  type in the more dense connective 

tissues tendon , carti lage and bone . Here the cells are kno'Hn as 

f ibrocytes ( or tenocytes ) ,  chondrocytes and osteocytes respec tively 

and have spec ial ized functions pecul iar to their  parent tissue . In 

other rather unusual cases a fibroblastic role has been attr ibuted to 

other cell types such as the corneal epi theli al cells wh ich are 

respons ible for the synthes is of the col lagenous component of the 

pr imary corneal stroma ( see Hay and Revel , 1969 ) . 

1.3.2. The Fibrous Components 

Class ically,  connective tissues have been descr ibed as hav ing 

three types of f ibrous component ;  the collagen fibres , ret icular 

f ibres and el astic f ibres . The advent of electron microscopy has 

shown that those f ibres known to l ight m icroscopi sts as "ret icul in" 

(by thei r  affinity for si lver sta ins) are indeed collagenous in 

natu r e .  I t  would appear that the d i fference in argyrophi l ia of 

reticular and col lagenous fibres is not of chemica l or igin  but has a 

phys ical basi s  which depends on the number , si ze and arrangement o f  

col lagen fibr i ls a nd  the ir  relationship to the glycosam inoglycan-rich 

matr i x . The structure and chemistry of the collagen fibr il has 

a lready been descr ibed and the grouping of  large numbers of fibr i l s 

accounts for the collagen fibres seen in l ight m icroscopy . It should 

be stressed that many authors appear to use the term "fibre" rather 
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loosely, but in this thesis that D-periodic element seen by electron 

microscopy is termed a fibril whereas aggregations or parallel arrays 

of such fibrils are referred to as fibres. The term microfibril is 

reserved for that (hypothetical) element considered to be same fixed 

grouping of molecules being the smallest stable sub-fibrillar element 

and that of which all collagen fibrils are composed. 

Elastic fibres are present in varying degrees in most connecti';e 

tissues being particularly prominent in elastic cartilage and aorta 

and predominant in elastic ligaments such as 

liga�enta flava (see Table 1.1). Such 

ligamentum 

fibres first 

nuchae 

appea� in 

developing connective tissues as clusters of elastic microfibrils eac� 

ll- 14 ��in diameter (Figure l.7a). As the microfibrils i nc rea se in 

number 3n a�orphous material, elastin, is centrally deposited in sJc� 

a fashion (Figure l.7b) that mature elastic fibres are seen to� 

com!Josed of a massive amorphous elastin 11core11 surrounded by satellite 

microfibrillar elements (Figure 1. 7c; Greenlee et �., 1966; 

Greenlee and Ross, 1967; Ross and Bornstein, 1969; Parry and Craig, 

1978; Parry et al., l978a). Elastin is sy nthesised on the ribosa�es 

of fibroblasts, smooth muscle cells and other mesenchymal derivatives 

and is released as tropoelastin at the cell surface. Elastin, li�e 

collag�D, has high glycine and proline contents but unlike collagen it 

is also rich in valine aoo contains two unusual amino acids, desmosine 

and isodesmosine which are involved in the crosslinking of elastin 

(Partridge et al., 1963) • The advantages of having mi xed 

elastic-collagenous tissues are discussed in Section 7.1. 



TABLE 1 . 1  

COMPONENTS OF CCNNECI'IVE TISSUES IN MATURE ANIMALS 

Tissue Percentage of Composition * 
Collagen Elastin GAGs ** Water 

Tendon/Ligament 3 0  1 . 5  0 . 03-0 . 3  65 
Skin 3 0  0 . 2  0 . 03-0 . 35 60-72 
?ibrocartilage 2 0  O . l-0 . 2  0 . 6  75 
Elastic cartilage 16 5-7 3-4 70 
Hyaline cartilage 5-18 < 0 . 1  5- 1 1  75 
Bone *** 5- 20 - 0 . 4  30-50 
Cornea 12-15 - 0 . 2- 1 . 0  80 
Aorta 5-15 7- 15 0 . 2-2 . 5  70-75 
Slastic ligaments 9 35 - 55 
\-l11arton' s jelly 12 - 0 . 3  88 
Vitreous humou r  0 . 25 - 0 . 0 2 99 

* All expressed as percentages wet weight of tissue . Total 
percentage does not always add up to 100% due to lack of inclusion 
of cellular components and non-collageous proteins . No value 
quoted means that no quantitative data are available . 

** 
*** 

Glycosaminoglycans 

From the ranges of values cited in the literature it would app�ar 
that bone contains -4 5% mineral . 
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Figure 1 .  7 Electron micrognphs showing transverse sections of -2L.1st i.: 
fibres. �gnific3tion: 65 000 X. 
(a) I:nnature el3stic fi":::lre first appears in a tissue as a clust.�r of el1stic 

micr'Jfibrils -14 :1lTl in Jiameter. 
(b) Maturing elastic fibre shO'.-JS beginnings of .jeposition of an :nor�):lous 
elastin core. 
(c) Mature elastic fiore consists of a massive amorphous core of el.1st i 1 

surrounded by satellite 1nicrofibrils. 



1.4 Scope and Aims of  th is The s i s  

I n  Section 1.1 it was i nd icated that cons iderable information i s  

now ava i lable concerning the molecu l ar structure o f  col lagen and the 

mode o f  molecular pack ing in  the f ibr i l s. However there is  st i ll 

l i tt l e  known about the manner in  whi ch f ibrils grow and develop. I n  

order to i nves t igate growth patterns , t issues must be stud ied between 

the foetal and senescent stages o f  development. Generally,  foetal 

tissues conta i n  col lagen f ibr i l s  of smal l  d iameter only - though some 

spec i a l i z ed  t i s sues ( e.g. the cornea ) are known to conta in small 

d iameter f ibr i ls throughout l i fe .  The comparative study of the 

vertebrate cornea ( Chapter 3 )  was thus undertaken , not only to 

inves t i gate a ti ssue conta i n i ng smal l  d iameter ( " foeta l-l i ke " )  f i br i l s  

but a l so to untangle the d i sparate resul ts i n  the l i tera ture on the 

constancy of f ibr i l  d iameter between d i f fering spec ies and that of  

d i ffer i ng d iameter w i th i ncreas i ng d epth in the corneal stro�a in  any 

g iven spec ies. 

Prior to the work of Parry and Cra i g  ( Parry et al. , 1978a , 1 97 8b, 

1980)  l i ttle quant i tative data were available on the d iameter 

d i stribut ions of  col lagen f ibr i l s  in  connective ti ssues. These 

workers began a sys tema tic quant i ta ti ve assay of f ibr i l  d iameter 

d istr ibutions i n  tendons and thi s  the s i s  is  an extens ion of those 

stud i es. By measuring f ibr i l  d iameters at d i f fer ing stages of 

development ( foeta l  - adul t - senescence) the modes of f ibri l growth 

and f ibri l  breakdown can be seen , and mechani sms of f ibr i l logenes is 

can be better understood. The resul ts o f  these stud ies are presented 

in Chapter 4. 
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Just as biochemical pa thways can often be elucidated when 

patholog ical processes are understood , so can the s tudy of aberrant 

col lagen forms lead to an understand ing of poss ible f ibr i llogenetic 

mechan i sms .  A gene t ic d isorder "dermatospara x is" lead ing to mal formed 

f ibr i l s  has been demonstrated by Hel le and Ness ( 1 97 2 )  . Later 

research showed the presence of ami no- terminal propeptides in 

procollagen molecules in dermatosparactic an imal s .  I t  was ul timately 

demonstra ted that thi s  could be attr ibutable to the low levels of 

in these an imal s .  In th i s  thes i s  a procollagen amino-peptidase 

var iety o f  patholog ical or dysplast ic t i ssues have been s tud i eJ and 

the resul ts are presented in Chapter 5 .  

Attempt i ng to obta in quantitative electron microscop<:! 

measurements from thi n  sec ti ons has many p i tfal l s . These include D,e 

fa ilure o f  chemica l  f ixation to preserve i n  v ivo macromolecular 

assembl i es , ar tefacts i ntroduced by dehydration , embedd i ng and 

sect i oning , the stereog raphi c  interpretat i on o f  the recorded 

two-d linens i onal linage and the methods of tak ing measuremen ts fr om tne 

micrographs . All o f  these d i f f icul ties lead to a spread o f  recorded 

d iameters even for discrete populations of col lagen f ibr ils . 

Preparat i ve methods must then be chosen to min imi ze these artef3cts 

and i nterpretive method s chosen wh ich account for any res idua l  

arte facts . A d iscuss ion of these problarns i n  rel at i on to th is thes is 

and the statist ical methods enployed to show the s i gni f icance o f  the 

resul ts are presented in Chapter 6 .  

As connect ive ti ssues have predominantly mechanical roles i t  is 

of impor tance to relate the si zes and d i spos i tions of the cons t i tuent 

coll agen fibr i ls ( the tens i le elements) with the mechanica l  attributes 

of the t i ssue . Earl ier work ( Parry et al . ,  1978a) had l i sted eight 
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suppos i t i ons relati ng to such correlations and i n  Chapter 7 those new 

data relating to foetal ,  neonatal ,  mature and senescent ti ssues are 

d i scussed in terms of thei r  contr ibu t i on to the understand i ng of the 

growth patterns o f  connective ti ssues and the i r  relat ionships to 

mechan ical proper t i es .  

The controlling mechani &�s and regulatory feedback mechan is�s o f  

collagen f ibr i llogenes is are st i ll unknown , but i n  v i tro a nd  i n  v i vo 

stud ies have implied a var iety of phys ico-chemical controls . These 

include pH , ion ic streng th , the cell surface glycoprotein 

( f ibronect i n) , compos i t i on and concentrat i on of the glycosaminoglycans 

(GAGs) o f  the matr i x ,  the degree o f  glycosylation of collagen 

molecules , the copolymer i zati on o f  genetically d i st i nct molecular 

spec ies of collagen molecules , and the par ti a l  retent ion of the 

termi nal propeptides . Thi s  thes i s  investigates the GAG co�os i t ion 

and content in the mat r i x  of a var iety of connect i ve ti ssues from 

which the collagen f ibr i l  d iameter d i str ibuti ons have been �easured , 

and in Chapter 8 an hypothes is is outlined which suggests a role for 

the glycosaminoglycans in the regulati on of collagen f ibr i llogenes is. 
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CHAPTER 'IWO 

MATERI ALS AND METHODS 

2 . 1  Instrumental Method 

Th is thes i s  i s  largely a d iscus s i on of the impl icat ions of 

electron microscope measurements made on the col lagenous components of  

connective tissues . It is  therefore of importance to d i scuss L�e 

phys ical bas i s  of the techn ique of electron microscopJ so that i ts 

l imitations can be understood and the results obtained interpreted i� 

the most real i stic manner . Th i s  section ( 2 . 1 ) outl i nes the theory o f  

electron microscopy a nd  draws on rev iew art icles by S ie3el ( 1 9 6 5 ) , 

Hall ( 19 6 6 ) , Sj ostrand ( 1967 ) , Wi schn itzer ( 19 7 3 )  and Agar ( 19 7 4 ) . 

The resolution of any optical system may be cons idered in terms 

of the i ntens ity prof i les of· two near-neighbour i ng po i nt sources 

l imited by a ci rcular aperture of d iameter d .  The normal i zed 

i ntens ity trans form I ( R)  of such an aperture i s  g iven by the 

express ion 

( R ) = [2 J1x (x )J 2 ( 1 )  

where J1 is  a f i r st order Bessel function of argument x ( = 1T Rd) , � 

i s  equal to 2 sin oG /A , A i s  the wavelength of the 

i nformat ion- seeking beam and � i s the semi-angular aperture of the 

objective lens . Object points are said to be resolved as d iscrete i n  

the image when the central maximum o f  th e  Airy disc o f  one image po i�t 

is co incident with the f i rst m i nimum of the Airy d i sc of the other . 

Th is 11d iffraction l imit" of the system can be used to determine a 

value for the m i nimal separat i on of resolvable obj ect po i nts (d 0 ) and 



i s  such that 
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( 2 )  

where n is the refrac t i ve i ndex o f  the med ium between the obj ect and 

the obj ective lens . 

I n  l ight opt ical sytems the des ign-dependent character i stics are 

max imi zed by us i ng o i l- immersed glass obj ectives w i th n -1 . 5  and 

semi-angular apertures approaching 90° ( sin oC tend ing to uni ty) . �ne 

d i f fraction l i� i t  of the system then approaches 0 . 4 �  and the ulti�ate 

resolution is thus dependent on the wavelength o f  the irrad iating 

source (d 0 -200 n� for a monochromat ic source of wavelength 500 nm) . 

Electron microscopy is used in preference to l ight microscopy i� 

many biophys ical i nvestigations s i nce it e�ploys an incident 

( information-seeking) beam o f  much shorter waveleng th than l ight and 

hence a greater i nherent resolv i ng power . Commerc i a l ly available 

electron microscopes commonly use a tungsten fi lamen t as a thermion ic 

electron source as par t  of  an electron "gun" whose emiss ion is 

control led by a Wehne l t cyl inder . The beam i s  produced by 

accelerat ing such electrons w i th anode-app l i ed  vol tages ( 50 - 100 kV) 

in an evacuated col umn ( typically -lo- s torr or better ; · i . e .  -1 Pa) . 

The waveleng th of the electrons can be ascerta ined from the de Brog l ie 

equation 

h ( 3 ) = m v  

where h is Planck ' s  constant ( 6.626 x 10 - 3 4 J s ) , m is the mass of 3n 

electron (kg) and v i s  the magni tude of the veloc i ty of the electron 

(m s- 1 ) after acceleration . Further , s ince the k inetic energy of an 

electron of charge e subj ected to an accelerat i ng vol tage V is g i ven 
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by the expression 

( 4 ) 

the fol lowing veloc i ty- independent expres s i on can be der ived 

� = 

h 
( 5 )  ( 2 e m V } 0 " 5  

(where e = - 1 . 6  x 1 0 - 19  C ,  and m - mo ( rest mass of electron) = 9 . 1  x 

1 0 - 31 kg) . By substi tution th i s  express ion reduces to 

1\ = ( 6 ) 

Thus for an accelerating potent ial d i f ference of 100 kV , a bea� w i ll 

be produced whose elec trons have a waveleng th o f  -0 . 00 4  n� and it 

would seem poss ible that the resolving power of the instrument should 

tend toward s th i s  value . However , it w i l l  be seen from the fol lowing 

d i scuss ion that there are other factors which limi t the ach ievable 

resolution to a consi derably poorer figure . 

Electron microscope lenses can be e i ther electrostat ic or 

elec tromagnetic but i t  is the latter which are : almost exclus i vely used 

in commerc ial electron microscopes ( see Figure 2 . 1 ) as they can be 

manufactured hav ing snaller imag ing defec ts . To focus electrons L�e 

magnetic f ield mus t  be very strong , h ighl y  loca l i sed and coax i a l  w i th 

the column . Electrons travel in a hel ical pa th through these magnetic 

lenses but as thi s  mot ion does not affect the focus i ng abi l i ty of the 

lens , the "envelope" of elec trons emer g i ng from tl1e lens is ana l agous 

to the l ight-envelope emerg i ng from a converg ing lens . The 

ray-d iagrams for electron beams pass ing through magnet ic lenses are 

thus s imi lar to those of l ight bea�s pass i ng through opt ical lenses 

( see Figure 2 . 2 ) and tl'le lens formulae used in l ight-optics are 

equal ly appl icable to electron-opt ics . 
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Fig ure 2 . 1 . Det.l i led sec t ion . o f  ':i Phi l ips electron m icroscope co ll.rnn . 
G - gun ; An - anode ; C l  and C2 - condenser lenses ; 0 - objective l ens ; 
St - spec imen stage ; i::> i - d i f f rac tion lens ; I - intermed i.3te lens ; 
Pr - proj ec tor lens ; 1 - g imbal r i ng ;  2 ,  3 ,  5 and 6 - d iaphragm a l ignment 
contro l s ;  4 - supplementary obj ective lens coi ls for obl ique illumination and 
focus ing ; 7 - alignment control s for lens pole pieces ; 8 - vacuum va lves ; 
9 - shutter ; 10 - rol l-fil� camera ; 11 - binocular microscope; 12 - plate 
ca�era ; 13 - vacuum mani fold . ( Reproduced wi th peoniss ion of Ph il ips N . Z . 
Ltd . from Phi l ips Bulletin EM3l . )  
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l F i l a m ent 

Cundenser l e n s  

O bject ive l e n s  

i m ag e  

P r o j e c t or l e n s  

i m a  e 

F igure 2.2 Simpl i f ied ray d iagram for an electron microscope . The condenser 
lens forms part of the i ll uninati n:J  system arrl focuses the electron beam on to 
the specimen . The obj ective lens produces a magn i f i ed  intermed iate image 
which is magni fied further by subsequent lenses ( only one shown here) to form 
an L�age which can be v iewed on a fluorescent screen . 



26 

The foca l length ( f) of  such lenses can be calculated in terms of 

the relativ istical ly corrected accelera ting vol tage (V,. ) , arrl the 

number of turns (N )  and current ( I )  flowing in the lens . An 

express i on for f can thus be derived as 

( 7 ) 

where K is  the propor t i ona l ity constant . The " rel at i v istic vol tage" 

a s  commonly defi ned by electron microscop ists , i s  g iven by the 

expression 

( 8 ) 

where V is  the accelerat i ng pot;:mtial (V) and c is  the vel oc i ty o f  

l ight ( 3  x 10 8 m s -1 ) .  Thus n Jmer ica l ly Vr is g i ven by Vr = V ( 1  + 0 · 978 x 1 0 -6 V ) 
D i f ferentiation o f  Equation ( 7 )  leads to the express ion 

( 9 ) 

D i v id ing Equati on ( 10 )  by Equation ( 7 )  an express i on may be derived 

relating the fracti ona l  change in foca l length of a magnet�c lens to 

both the accelerat i ng voltage and the lens current : d f dVr 2d l 
= -- - ( 1 1 ) 

Thus fluctuat i ons in e i ther accelerating vol tage or lens current , if  

present i n  the obj ec t i ve lens , w i l l  affect resolut ion . This effect 

can be quanti tated in terms of the so-ca lled chromat ic aberrat ion 

coe f f ic ient (Cc ) ,  a parameter which allows computat i on of the mini�um 

reso�ution (de ) as control led by the res idual chromat ic defects in the 

lens . Th i s  i s  g i ven by the express ion :  [d Vr de = C oC - -c Vr 2� 1] 
( 1 2 )  
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In  modern electron microscopes the chromatic aberration coeff i c i ent 

has a value s im i lar to that of the focal leng th of the object i ve lens 

(-5 m) • Thus if an instrument resolut ion of better than l nm is to be 

ach ieved h igh tens ion and object i ve lens supply vol tage must have 

stab i l i ti es of the order of one pa r t  in a m i l l ion . 

Of a greater consequence to the des i gners of magnetic lenses , 

however, is the effect of spher ical aberrat ion . In  general the bes t 

focus i s  attained as a "ci rcle of least confusion" i nside the parax ial 

focus on a plane perperrl icular to the optical axis . The d ia-neter (d s ) 

of th i s  l imi t i ng disc is  given by the expression 

( 1 3 )  

where C 5  is  the spher ical aberration coeff i c i ent . 

I n  l ight microscopy th i s  problem i s  overcome by constructing 

compound lenses where the unwanted aberration of a converging lens is 

removed by a compensatory aberr a tion introduced by a supplementary 

d iverging lens of d iffering refrac t i ve index . As the refrac t i ve index 

in an evacuated electron-opt ical sys ta� cannot be man i pulated sue� 

correc ti ve lenses cannot be construc ted and the defect can thereby 

only be minim i sed by reduc i ng the angular aper ture of the obj ec t ive 

lens . There 1s a l imit to how far th i s  aperture may be reduced, 

however ,  as the diffracti on l im i t  requ i res that the angular aper ture 

is large . I n  an electron microscope the refrac t i ve index of the 

imme r s i ng med i um  ( the vacuum) i s  uni ty, s i n �  = oG ( as oG i s  very 

smal l) arrl the express ion for the d iffraction l im i t  ( Equation 2 )  

becanes 

0 · 6 1  1\ 
oc:. ( 1 4 )  
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Consequent ly there is an opt imum aperture at which the two l imits 

to resolution d5 ( Equation 13)  and d0 ( Equation 14)  are equal and for 

which the combined effects of these aberrat ions is minimal . By 

equat i ng Equation 13  w i th Equa t ion 14 i t  can be seen that th is 

opt imal angular aperture (� op t ) can be expressed as 

o(.. op t  ( 1 5 )  

By substi tut ing thi s  value for the angu lar aperture in the d i ffract ion 

l imit Equation �4)  i t  can be shown that 

( 1 6 )  

Th i s  expres s i on def i nes the theoretical l i,nitat ion (d m i n ) to the 

resolv ing power of the electron microscope . Wi th elec tron lenses 

currently ava i lable the spher ical aberration coef f ic ient has been made 

as smal l  as 10 -4  nm and with accelerat ing vol tages o f  lOO kV ( 1\ = 

0 . 00 3 7  nm) a resolution (d m i n ) of  -o . 2  nm can be achieved . 

The depth of f ield (D0 ) of  u lens i s  the ax ial d istance over 

which i t  may be focused wi thout any perceptible change in the image 

sharpness .  From a cons iderat ion o f  F igure 2 . 3  it can be seen that i f  

o and o '  are obj ect po i nts separated by the limi ting resolut ion (d m i n )  
o f  the lens and i f  parallel rays i ntersec t the optica l axis at y and 

y '  respectively , then any po i nts w i thin the d i stance yy '  can be made 

pa r foca l . The d istance yy ' (D0 ) i s  thus the depth of field and i t  

can be seen that 

d m i n  
2 

and tha t when eX- i s  smal l 

= Do t a n  oC 2 

Do = d m i n/OG 
Thus for an elec tron microscope hav ing 

( 1 7 )  

( 1 8 )  

a resolut ion o f  1 nm and �n 
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Figure 2.3 Sc!Enat ic rt:presentat i on o f  the depth of f ield of an 
elec tromagnetic lens of semi-angular aperture oe .  When obj ect points are 
separated by the resolution lim i t  d rn;n o f  the l ens then rays passi rg  through 
these points intercept the optical ax is at y and y' and the d istance yy '  can 
be def i ned as the depth of field (00 )  i .e .  all points lyirg between y and y '  
will appear equally sharp i n  the final image. 
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obj ective lens semi-angular aperture of 5 x 10 -3 rad ians , the depth of 

f ield will be -200 nm . As thi s  di stance i s  more than twice the 

thickness o f  sections o f  b iolog ical spec imens normally exa�ined , such 

sections w i l l  appear equal ly in focus throughout . I t  should be 

stressed , however , that not all parts of the in- focus linage will be 

equal ly resolved , as resolution w i ll always be best at the sect ion 

surface nearest the lens owing to subsequent scattering o f  electrons 

as the beam passes through the section.  

The image formation is achieved by the attenuation of the beam by 

pr imary and secondary electron emi ssion and by d i fferent ial absorption 

and scatter ing o f  electrons from areas of the th in spec imen having 

vary ing "electron opac ities" or electron-scatter ing powers . 

Biolog ical spec imens e i ther "whole-mounted" on g r ids or sectioned from 

epoxy-resi n  embedrnents , l ie typical ly in the range of 1 . 5  to lOO �� 

thick . In sect ioned b iolog ical materials it 1s common practice to 

achieve much of the beam attenuat ion by tha use o f  heavy metal 

" sta ins " , that i s , contrast is achieved by the selective deposition of 

salts o f  osmi um ,  urani um ,  lead , 

l ipids , proteins , l ipo-protei n  

tungsten , s i lver , gold etc . ,  to 

membranes , nucleic ac ids , 

nucleoprote i ns and other ce llular consti tuents . 

The informat ion-con taining beam is ul timately observed on a 

fluorescent screen or recorded d i rectly on to a pho tog raph ic f i L� or 

plate . The transmiss i on electron microscopes used to undertake th is 

study were a Ph i l ips EM200 and Ph i l ips EM201C .  

2 . 2  Col lect ion o f  Specimens 

Where poss ible fresh spec imens were collected from :m imal s 
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sacr i f iced for these exper iments . Me thods of k i l l i ng exper imental 

animal s  included intravenous or intraper i tonea l inj ect ion o f  nembuta l 

overdoses , chloroform or carbon d i ox ide asphyx i a t i on , and 

deca p i tation . For the compa rat i ve corneal col lagen stud ies , however , 

many speclinens were take� from animal s whi ch had been forma l i n- f i xed 

for teaching purposes or f rom eyes which had been formal in- f i xed for 

transportat ion . The sources of a l l  corneas and the i r  state o f  

preservat i on pr ior to f i xat ion for elec tron microscopy are l is ted in 

Append ix 3 .  Those corneas descr ibed as be i ng fresh were removed and 

placed into f i xat i ve w i th i n  minutes of death with the except i on o f  

three bony f ish ( trout , butter f i sh ,  moki ) , th� corneas of wh i ch were 

removed from eyes taken f rom 18 to 43 hour ref ri gerated heads . 

Spec imens were obta ined by 

sa�ples from the central 

j unc t ion . 

exc i s i ng 

reg ion 

the 

thus 

cornea and cut ting sma l l  

avo i d ing the c0rneo-scleral 

The non-corneal col lagenous tissues inves t i gated in th i s  s tudy 

were mos tly from exper imental anima l s  ava i l able for sacr i fi c e ;  ch ick , 

ra t ,  guinea pig and sheep . The ti ssues taken for study were sk in and 

metatarsal tendon (ch ick) , ski n ,  supe r f ic ial flexor tendon , common 

d ig i tal ex tensor tendon and suspensory l igament ( sheep) , sk i n  from 

both abdomen and foo t-pad , bone fro1n developing for e l imb phalanx , 

cen tral tendon o f  the d i aphragm and forel linb d ig ital flexor and 

ex tensor tendons (gu inea pig)  , and ta i l- tendon , abdomen and ta i l-sk in , 

forel imb and h ind l linb  flexor tendons , centr a l  tendon of the d iaph ragm 

and f ibrocart i lage from the annulus f ibrosus of a l umbar 

i ntervertebral d i sc ( rat)  • Many of these ski n ,  tendon and l igament 

specimens were taken at a var iety o f  ages as w i l l  be apparent from the 
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l i s t i ng s  of results i n  Chapter 4 .  

Further , Achi lles tendon spec imens were taken from both adult dog 

and ox , and skin samples were al so taken from lamprey , trout , human , 

greyhound and sheep , with the latter two spec imens being controls for 

samples of dysplastic g reyhound dennis and dennatosparact ic sheep 

sk i n .  These were all fresh spec imens w i th the except ion of the early 

developmental stages of lamprey and the foetal human sk i ns whi ch were 

forma l in- fi xed ,  and came from the same sources as the corneal 

spec imens of the cor respond i ng  animal s ( see Append ix 3) • The trout 

sk i n  was taken from the head reg ion of an adu l t  fish .  Tissues 

suppl i ed  al ready processed and epoxy-embedded for electron microscopy 

were lamprey notochord sheath and the umb i l ical cord of a normal 

neonate man . A freeze-d r i ed  specimen of the Cuv ier i an tubules of the 

sea cucumber (Holothur i a  forskal i )  was also made avai lable for 

examinat i on . The sources of these mater ials are l i sted in Append ix 4 .  

Patholog ical tissues and heal i ng wounds were al so i nves tigated in 

thi s study . Biopsy samples o f  greyhound sk in from an animal suffer ing 

f rom a dennal dysplas ia were obtai ned from veter i na r i ans at Massey 

Uni ver s i ty and processed for electron m icroscopy in the normal manner . 

Spec imens of sk in and tendon from a denna tosparact i c  lamb , and tre 

pabnar fascia of a man suffe r i ng from Dupuytren ' s  contracture were 

obta i ned (wi th contr ol s) al ready processed for 

Super f i c ial flexor tendons from the horse 

electron m icroscopy . 

at a var iety of time 

i nterval s  ( 24 hours to 14 months) after i n  v ivo intratend i no us 

i nject ion w i th bacter i al coll agenase were al so supplied embedded , as 

were spec imens of rat sk in scars from exper imental surg ical inc i s ions 

made e i ther transversely or long i tud i nally to the d i rect ion of the 
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Langer ' s  l ines of the dermis . The sources o f  a l l  of  these materials 

are l i sted in Appendi x  4 .  

2 . 3  Preparat ive Procedures 

Rout inely , specimens were f i xed at 4° C in a mod i f ied Karnovsky 

f i xative ( Karnovsky , 1965)  compr i s i ng 2 %  formaldehyde and 3 %  

glutaraldehyde i n  O . lM  phosphate buffer (Na2 HP04 , KH2 P04 ) a t  pH 7 . 4 .  

The formaldehyde was prepared by the alka l i ne depolymer isa t i on o f  

paraformaldehyde . The dura t i on of the pr imary f i xation was usually 2 

- 4 hours al though same specimens were held i n  the f i xative overnight . 

Th is was followed by three phosphate buffer washes ( 10 - 30 min , 4° C) 

and secondary fixat ion in 1% osmium tetrox ide in the same buffer for 2 

hours at 4° c .  Further buffer washes ( three o f  10 - 30  min)  preceded 

dehydration in a graded ethanol-water ser i es (25% , 50% , 7 5 % , 9 5% and 

100 % ethanol)  • The durations of these steps were 20 - 30 minutes and 

sometimes , for conven ience , the specimens were held i n  75% ethano l  

overnight . A second change of 100 %  ethanol preceded two ten minute 

rinses in propylene oxide and specimens were then held overnight in 

propylene-ox ide-resin m ixture ( 30 : 70 )  in uncapped glass v ials on a 

motor-dr iven s t i r r er 1n a fume-hood . They were placed i n  fresh 100% 

res in for the durat ion of the nex t  day ( 7  hours)  then fl.at-enbedded in 

further fresh res i n  in butyl-rubber mou ld s  and polymer i zed at 60 ° C 

for 48 hour s .  The res ins used were Arald i te (Durcupan ACM , Fluka , 

Buchs , Swi tzerland )  and Spurr ' s  lmv-v i scos i ty res i n .  Arald i te was 

mixed to a standard formulat i on wh i l st Spurr ' s  res i n  was prepared to a 

schedule intermed i a te between med i um  and hard ( Spurr ,  1969) • SOT\e 

tissues were supp l ied embedded in Epon 812 ( see Append ix 4 ) . 
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2 . 4  Section ing and Sta i n i ng Techniques 

For elec tron m icroscopy all blocks were tr immed by hand and 

sec t ioned on glass or d iamond knives us i ng an LKB Ultratome . Af ter 

cutting , sections were stretched with chloroform vapour , to rel ieve 

them of compressi onal a rtefacts . Sect i ons were nominally of a pale 

go ld inter ference colour ( - so nm thick) and were rout inely picked up 

on 200 mesh copper gr ids hav ing carbon-stabi l i zed formvar support 

f i lms . Formvar fi lms were made by immer s i ng an 80 x 30 mm piece of 7 

mm pol i shed plate glass into a 0 . 5% solut ion o f  for.nvar (polyv inyl 

formal fonnvar ) in ethylene d ichlor ide . Th i s  was dra ined to dryness , 

scored about i ts per i phery w i th a thumb-na il and floated on a water 

sur face which had been swept clean with a polyethylene bar . Grids 

laid on the floa t i ng f i L� were p icked up on blott ing paper and 

oven-dr ied .  Carbon was evaporated on the formvar-coated grids us ing 

spectrograph i c  grade 3 mm graph i te electrodes i n  a Kinney KDTG-3P 

vacuum evaporator . All secti ons from which quan t i ta t i ve measurements 

were to be made were thus supported , but same others were picked up 

unsupported on 400 mesh g r i d s  which had been pre- trea ted with a 

chloroform-Sellotape cement (prepared by d i sso lv i ng the adhes ive o ff 

50 cm2 of Sel lotape w i th 100 g of chloro form) . 

Sec ti ons were sta i ned by being immersed in saturated uranyl 

acetate in 50 % ethanol in a stain ing d ish , washed in three changes o f  

50% ethanol followed by three changes of water , then immersed in a 

droplet of lead ci trate sta in (Venable and Coggesha ll , 196 5 )  on 

Para f i lm in a covered Pet r i  d i sh ,  and f inally washed copiously w i ti1 

runn ing d is t i l led water and air-dr i ed . Sta i ning times were rout inely 

four m i nutes in each sta i n . 
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Other spec imens were prepared as negatively sta ined "whole-mount" 

preparat ions . Aqueous suspens ions o f  teased col lagen f ib r i l s  were 

m i xed w i th equal vol umes of negati ve s ta in , droplets placed on coated 

gr ids , allowed to stand for 1 0  - 20  seconds then excess l iqu id r��oved 

by absorption at the edge o f  torn f i l ter paper . The negat i ve sta ins 

e�ployed were 2% phosphotungs t i c  acid neutra l ized to pH 7 . 0  w i �1 

potass ium hydrox ide or 2 %  ammon i um mol ybdate neutral i zed to pH 7 . 0  

w i th amnon i um  hydrox ide . 

Some l ight m icroscopy was a l so undertaken us ing spec imens which 

had been res i n-embedded for electron microscopy . Sec t ions of 2 pm 

th ickness were cut on dry g l ass kni ves and f lattened on to microscope 

s l ides by dry ing down at 6 0° C on a d i st i l l ed  water droplet . Su�h 

sect ions were sta ined for about 20 second s at 45 ° C wi th 0 . 5 % 

Toluidine blue i n  O . lM ( pH 7 . 2 ) phosphate buf fer . Covers l i ?S were 

mounted us i ng obj ective imner s i on oi l as th i s  :nethod has proven mo:::-e 

s a t i s factory than the use of comnerc i a l ly avai lable permanent 

mountants , a l l  of which 

s ta i n-fad i ng on storage . 

appear to produce 

2 . 5  Photo:n icrograohy and Mensura t i on Methods 

dayl ight-enhanced 

When photog raphing elect ron microscope sec tions for subsequent 

quant i tative analys is , an add i ti onal m icrog raph was taken o f  a 2 160 

l ines mm-1 d i f fraction cross-grat ing repl ica ( Po l aron 0 7 3 6 ) . Once an 

a pprop r i ate m icroscope magn i f ica t i on was selec ted i t  was l eft 

unchang�J , and with the a i d  of a pre-pumped specimen a i r - lock the high 

tens i on was kept on , wh i l st m icrographs of the sec t i on a nd  grat i ng 

were taken . Th i s  procedure el iminated any poss i ble changes in 

magn i f ica t i on caused by f l uctua t ions in high tens i on vol tage or 



chang ing currents in the electromagnetic lenses of the microscope . 

All transmission electron m icrographs were recorded on 35 mm f ine 

grain positi ve f i lm (Kodak 520 1 )  and developed in a high contrast 

developer ( Kodak D l9b) . M:asurement of the resulting developed 

emulsi on showed it to have a grain si ze of <0 . 5  pm ,  a value well  

within the requi rements of this work .  

All collagen fibr i l  d iameter measurements were made from thin 

sections of transversely sectioned f ibr ils . Small  f ibr il s  such as 

those which const i tu te the cornea and embryonic or perinatal 

connective tissues were measured d i rectly from the nega tives us ing an 

eyepiece grat icule in a Zei ss stereo-microscope at a magni ficat ion of 

40 X .  Four measurements ( two pa irs at right angles) were taken from 

the grat ing repl ica micrograph and the mean o£ these measurements was 

recorded as a magn i f icati on reference . Fibr ils appe3r ing elliptical 

in section were cons idered to have been cut obl iquely and the minor 

diameter was measured . For sharp unimodal di str ibuti ons of d iameter a 

min imum of 100 measurements were recorded and for broad or multimodal 

di str ibutions upwards of l 0 00 measurements were commonly taken in 

order to ascer tain  the true form of the distr ibution . For larger 

collagen fibr ils , d iameters were measured di rectly from micrograplB 

printed on I l ford res in coated paper at 67 000 X, a magni f ication 

determined by reference to the micrograph of the grating r epl ica . An 

engraved metal metr ic-rule was then used to take fibr i l  d iameter 

measurements , to the nearest 0 . 5  mm d i rectly from the pr ints . 

Light microscope br ight-field micrographs were taken us ing a 

compound research microscope ( Ze i ss GF) fitted w i th planachromatic 

objecti ves . Yellow or green fi lters were used for monochromatic 

photography and images were recorded on I l ford FP4 35 mm f i lm .  

..... f1."' 
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2 . 6  Ana lyt ica l Methods 

The mean d iameters (d) and mass-average d ianeter s  (dm) of the 

col lagen f ibr i l  d iameter d i str ibuti ons measured were calculatej f rQn 

the fol l ow ing express i ons 

d ( 1 9 )  

( 2 0 )  

where n i  i s  the number of fibr i l s  whose d iameters were measured as d i  • 

D iarneter frequency d istr ibution h i stograms were cons tructed by 

plot t i ng n i  ver:-;us d i  and volume d is t r ibuti on hi stog rams by plo t t i ng 

Mul t imodal popul ations o f  smal l  col l agen fibr i l s ( d ia�eters 10 to 

70 n�) were analysed using a compu ter prog ram for non- l i near 

least-squares decomposi t ion of m i x tu res of populations and four 

poss ible model s were cons idered .  I n  a ll models i t  was ass\..Jl\ecl that 

the sub-populat ions were normal and in two of the model s the mean 

d iameter s of the i ndiv idual po pu l a t i ons were not constra ined whereas 

in the al terna tive model s ,  the means were equally sepa r3 ted but not 

necessa r i ly constra ined to be an i nteg r al mul tiple of that separat ion 

from the or i g in .  Further , the s ta ndard dev i a t i ons of the means of the 

sub-popu l a t i ons were made equal in two of these model s (one w i L� 

constra i ned and one with uncons t r a i ned means ) whi lst the standard 

dev i a t i ons were not constra i ned i n  the o ther two mojel s . 

��1ere quant i ta t i ve electron m ic r oscope measurements were to be 

compared w i th low-angle X- ray d i ffract i on data frQTI concurrent 

collabo r a t ive stud ies , as in the case of chick metatarsal tendon , the 



radia l  d i str ibution function ,  g ( r ) , was calculated from measurements 

made d irectly from electron micrographs pr inted at magni f ications of 

100 0 0 0  X .  Micrographs were chosen which d i splayed extens ive ar rays 

of col l agen f ibr i l s  and minimal cel l ular and other non-collagenous 

components . The occurrence of the latter features would mod i fy the 

spatial  relationships between fibr i ls and render the calculated rad ial 

distr ibu tion function less meani ng ful . The centres of all  fibr ils 

within a square of side 15 am (or larger ) were then marked on the 

micrographs and the i r  Cartesian coordinates recorded for computer 

process i ng . The prog ram employed cons idered each marked fibr i l  centre 

as an o r ig in and the frequency d i str ibution of the d i stances from this 

or igin to all other f ibr i l  centres with i n  a rad ius -10 X the nearest 

neighbour separation was computed and these results , wh ich typ ically 

included - s  X 104 independent values , were then summed .  Difficulties 

ar ise in thi s  method , however , when measurements are made from f ibril  

centres lying close to the edge of the micrograph ( less than 10  X 

nearest neighbour separat i on) , as the true number of  larger 

interfibr i llar separations cannot be recorded here . A procedure which 

compensates for thi s  def ic iency in c i rcular areas of  micrographs �as 

been outl ined by Fraser et al . ,  ( 1964 ) . A d ifferent compensa tory 

method devised by E .F.  Eikenberry ( E ikenberry et al .· ,  1982a) ·,o�as 

ultimately used in order to make full  use of the data within a 

rectangular m icrograph . Thi s  was achieved by weight ing L�e 

contr ibu tion at  each rad i us by the inverse of the fracti on of the fu ll 

circular ci rcumference about that particular or igin tha t lay within  

the micrograph .  The normal ised distr ibution was then seen to approach 

its expec ted asymptotic value of uni ty rather than fall ing off at 

larger rad i i  as it does when the compensation for the edge deplet ion 

is not appl ied .  �� 
I 
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CHAPTER THREE 

THE CORNEA 

3 . 1  I ntroduc t i on 

The vertebrate cornea i s  the phys ical l im i t  and the maj or 

l ight-collec t i ng element of the eye , and i ts structure has evo lved as 

a resul t  o f  evoluti ona r y  pressure to funct i on 1n these two d ist inc t i ve 

ways . Be i ng the phys ical l im i t  of the anter i or por t i on of the eye i t  

must have the requ i red structural integ r i t y  to mai ntain its shape and 

form a protect ive barr ier between the under lyi ng t i ssues and the 

surround ing env ironment . Further , in order to act as a 

l ight-collec t i ng and a l ight- transm i t t i ng el��ent in terres tr i �l and 

aquat ic ver tebrates , the cornea must not only be transparent but a l so 

have a refrac t i ve i ndex greater than tha t  of a i r  or water . The 

col lagenous natu re of the cornea has simul taneous ly met both of these 

demands . 

The cornea becomes conti nuous w i th the sclera at the l i�us o� 

sclero-corneal j uncti on ,  wh i ch is marked by the term i na t i on of �he 

vascular elements of the sclera and the internal and ex terna l sclera l  

sulci . The anter i or surface i s  bounded by a strat i f i ed  squa�ous 

epithel ium which in man is normally composed of f i ve layers of cel l s  

w i th a total th ickness of -so pm .  The ce l l s  adhere to one ano ther by 

many short interd ig itat i ng processes whose su r faces are r ich with 

desnosomes . Below the corneal epi thel i um  of many ver tebra tes is a 

region descr i bed by l ight m icroscoi?ists as Bov.man ' s  mEmbrane . By 

e lectron m i croscope observa t i on th i s  reg i on i s  better descr ibe� as 

Bowman ' s  l ayer ; it con s i sts not of a membrane but a layer , of 
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d i sor ientated collagen f ibr ils  wh ich is continuous w i th the underlying 

stroma . 

The bulk of  the cornea i s  composed of the stroma ( substantia 

propr ia)  which var i es greatly in thickness between ver tebrate spec ies 

g iv ing r i se to so-called " th ick" and "thin" corneas .  The stroma is 

largely composed of lamellae of s imi larly d i rected small d ia�eter 

col lagen f ibri ls which are considered to have d iameters that are 

relatively constant throughout l i fe .  The long axes of the f ibr ils l ie 

parallel to the surface o f  the cornea and success i ve lamel lae are 

rotated through -90 ° about an ax is perpend icular to the plane of the 

lamel l ae ( Figure 3 . 1) . The lamel lae are kept tightly together by L,e 

interchange of f ibr i l s  from near-neighbour i ng lamell ae ,  whose fibr ils 

are d isposed in a simi lar or i entation . An exception to �� is 

arrangement has been descr ibed in the cornea of the skate and seve ral 

other car t i lag inous f ish ( t"i'eber , 1878 ; Smelser , 1962 ; Payrau et al . ,  

1964 , 1965) . These authors descr ibed "sutural f ibres" wh ich l ie 

perpend icular to the corneal epithel i um ,  and traverse the stroma from 

Bo•Mnan ' s  l ayer to Descemet ' s  membrane ( Figure 3 . 2 ) . The exc i sed 

elas�obranch cornea , unl ike other vertebra te corneas , nei ther swells 

nor beco�es opaque when placed in d i s t i lled water and these properties 

have been attr ibuted to the ex istence of the sutural fibres ( see 

Goldman and Benedek , 1967)  • 

Early in the developnent of the cornea the col l agen of the 

presumptive s tro.na i s  produced by the epi thel i un .  Al though it '.-Jas 

once considered that Type I I  col lagen was pecul iar to carti lag inous 

ti ssues i t  has been shown in the last decade that it  i s  also produced 

by the embryonic epi the l ia of the notochord (Linsenmayer et al . ,  

197 3 ) , neural retina (Newsome et al . ,  1976 )  and cornea ( L insenmayer et 
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Fig ure 3 . 1 Electron micrographs o f  the corneal stromata of the snake and 
magpie . Magnification : 12 000 X .  
( a )  Section throUJh the stroma o f  the thin cornea of the snake showing the 
anter ior , epithel ial sur face ( Ep) , and the poster ior surface l Lm i ted by 
Descemet ' s  menbrane (Os) • 'n1e thickness of the lamellae range beb�een 0. 3 and 
0 . 8  pm ,  and the mean d iameter of the col lagen f ibr ils is - 23 nm .  
(b)  Section throUJh a central portion o f  the thick cornea o f  the magpie . The 
thickness of the lamellae range from between 0 . 5  and 3 pm and the mean 
d iameter of the collagen fibr i ls is - 25 nm .  
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Figure 3.2 Electron m icrographs of the collagenous sutuB l  f ibres in me 
corneal stro.nata of an elasmobranch (car t i lag inous f ish ; dog f i sh) • 
( 3 ) aundl�s o f  collagen f ibr i l s ,  in the form o f  a sutural f ibre , traversing a 
stranal ld!Tlella and lyi n;}  perperrl icular to the f ibr i l s  of th is arrl the 
ne ighbour ing l �ellae . Magn i fication : 8 000 x .  
( b) Sutural f ibres appear to ar i se  fran the fibrils o f  a lamel la arrl turn 
t�rough 90° to traverse the adj acent lamel l a .  Magn i f i ca t i on : 24 000 X. 
(c) Deta il of sutural f ibre i n  m id- lamel la - where i nd iv idual col lagen fibr i l s 

o f  tne sutura l fibre appear to lose the ir identi ty .  Magni f icat ion : 28 000 x .  
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Type I collagen is  sti ll the predominant 

collagen synthes ised by the developing corneal 

demonstrated in the four-day-old embryonic 

I and I I  collagens are deposi t� between the 

epi thelium and the lens capsule in the pr imary acellular stroma ( von 

der Mark et al . ,  1982)  • Further i t  has been shown that , at this  stage 

o f  development , Types I and I I  collagen are cod istr ibuted i n  the 

same fibrils (Hendr ix et al . ,  1982) . These authors speculate that the 

sel f-assembly of the highly regul ar structure of the cornea may be 

controlled by the partic ipation of  Type I I  collagen in Type I collagen 

f ibr i l s .  

I n  a later stage o f  development fibroblasts from the mesenchyme 

o f  the embryonic head migrate into the pr imary stroma and initiate the 

development of the secondary stroma by the depos ition of a new matr i x  

which is later to contain Types I and V collagens in the ratio of 4 : 1  

( Poschl and von der Mark , 198 0 )  • Some days after birth the Type I I  

collagen has completely d isappeared from the stroma o f  the chick 

cornea al though it is known to persist as a minor species 1n 

Descemet' s membrane (von der Mark et al . ,  1977 ) . 

A point of interest wh ich should be noted from the above 

d iscuss ion is the absence of Type I I I  col lagen in the development of 

the cornea , as it  is Type I I I  collagen wh ich plays a predominant role 

in the development of most Type I containing f ibrous tissues . I t  has 

been suggested by von der Mark et al . ,  ( 1982)  that " the coincidence of  

Type I I I  collagen-absence with the transparent reg ion of the corneal 

stroma and the beg inning of the non-transparency in the l imbus 

suggests that the highly regular Type I/V collagen network in the 

transparent region cannot form in the presence of  Type I I I col lagen . "  
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Between the f i br ils of the lamellae is a hydrated proteoglycan gel 

whi ch , i n  the adult cornea , is largely composed of chondroitin 

sulphate and corneal keratan sulphate ( see for example Anseth , 1961 ; 

Breen et al . ,  1972 ; Mathews , 1965 ; Gregory et al . ,  1982) . The 

increased biosynthesis of corneal keratan sulphate in the hu11an takes 

place at a late stage of embryon ic development ( Smel ser and Ozanics , 

1957 ; Breen et al . ,  1972 ) . It is believed to occur at the time at 

wh ich there is an atrophy of the hyaloi d  artery, an increase in the 

corneal thickness and an opening of the eyelids ( Barber , · 1955) . It 

has been suggested by Breen et al . ,  ( 1972 ) that these changes may 
' 

indeed " affect the nutr ient supply o f  the cornea and stimulate the 

production of keratan sulphate . "  The cells of the stro:na are long 

slender fi brocytes (keratocytes ) which l ie between the la11ellae , anj a 

smaller number of wander ing lymphoid cells which migrate fro� the 

vessel s of the limbus . 

Posterior to the corneal stroma is Des��et ' s  membrane which is 

l imited by a typical squamous endothel i un .  Structurally this is a 

very thick membrane ( 5  10 pm in man ) and al though having an 

homogeneous appearance by light microscopy i s  shown by electron 

microscopy to contain a fi lamentous network (Jakus , 1956 , 1961 ; Hay 

and Revel , 1969) . Thi s  network i s  attr ibutable to the collag2nous 

components which are currently cons i dered d i verse . Kefalides and 

Denduchis (1969)  have demonstrated the. presence of Type IV 

( "basement-membrane " )  collagen , whi lst more recently it h:1s been shm.m 

to conta in Type I ( Davi son and cannon , 1977 )  and Type I I  (von der t'1ark 

et al . ,  1977 ) collagens . It has been ind icated by tissue cultu re 

( Perlman and Baum , 1974 ) and electron �icroscope stud ies ( Hay and 

Revel , 1969 ;  Perlman et al . ,  197 4 )  that the membrane is elaborated by 

the underlying endothel ium . The developmental inter-relationships 

I ' 
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between the components of the cornea (epi thel i um ,  s troma , Descemet ' s  

membrane and endothel ium) have been descr ibed in a comprehensi 'le 

rev iew on corneal morphogenes i s  (Hay , 1980) . 

A survey o f  the l i terature reveal s  a wide range of  values quoted 

for the mean d iameter of the collagen f ibr i l s  in cornea . At the lower 

end of the sca le Cox et al . ,  ( 1 970 ) have repor ted tha t �he col l agen 

fibr i l s in the cornea of  the glass ca t f i sh have d i ameters of  about 10 

n.rn whereas Kle in e t  al . ,  ( 1981)  have suggested that i n  rabb i t  cor :1-23 

the f i br i l s ha ve a mean d iameter as large .:1s 78 nm .  Other v3l ·Jes 

ly i ng between these ex tremes i nclude those for human cornea ( 25 33 

nm ,  Schwar z ,  1953 ; 20 23 nm , Maur ice , 1957 ; 24 - 28 n.m , Jakus 

19 6 1 ;  32 . 5  nm ,  Cox e t  al . ,  197 0 ;  22 . 5 - 36 . 5  nm ,  Borcherd i ng et al . ,  

197 5 ;  24 . 2  - 32 . 3  nm ,  Trel stad et al . ,  1977) , rabb i t  cornea ( 24 - 35  

nn , Smi th and Frame , 19 69 ; 16 . 4  - 23 . 2  nm ,  Cox et al . ,  1970 ; 20 - 4 5  

Cintron et al . ,  1978) , ch i ck cornea ( 25 nm, Hay ,  1973 ) , r a t  cornea ( 25 

- 30 nm , Jakus , 1954 ) , monkey cor nea ( 33 - 35 nm , Ozanics et al . ,  

197 6 )  and pig cornea ( 45  nm ,  Rugge r i  et al . ,  1979) . 

Fur ther i t  has been s tated ( Jakus , 1 9 6 1 )  tha t  L:! rger d ia.me ter 

col lagen f ibr i l s  are found with increas ing depth in the human cor:1ea � 

strona ; -19 nm 1 n  the 

cen trally , and -34 n.m 

ante r i o r  strona (Bowman ' s  layer ) , -24 �m 

deel? within tJ1e s troma toward s Desce:ne'::. ' s 

membrane . Despi te the fact that these values have been quoted �a:1y 

times ( for example Maurice , 1969 ; Smel ser and Ozanics , 197 2 ;  

Borcherd i ng et al . ,  1975) , no a t tempts have been made to con Ei  rm t:1 i s  

poi n t . Contrar i ly ,  Goldman and Benedek ( 1 967 )  cla im tha t  the col l agen 

f ibr i l s  in the dog f i sh cornea decrease in d iameter w i th increas ing 

depth 1n the s troma ( - 3 1  nm in the anter i o r  s troma and -27  nrn in the 

posterior s troma ) . Finally i t  has been shown for rabb i t  cornea (Cox 
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et a l . ,  197 0 )  that col lagen fibr i l  d iameters have mean values of 18 . 6 ,  

1 9 . 8  and 1 7 . 8  nrn in the anterior , central and poster ior stroma 

respectively . S i nce these measurements d i f fer by only 2 nm and have 

standard dev ia t i ons o f  -3 nrn it  follows that there is clearly no 

sign i ficant change in the collagen f ibril  diameters with increas ing 

depth in the corneal stroma of  the rabb i t . 

I f  the corneal collagen f ibr i l  d iameters quoted in th i s  and other 

works are to have significance for comparative purposes , it  is 

necessary to establ i sh that the values obtained do not vary w i th 

location in the stroma . Thi s  study is concerned with determining 

those featu res o f  the collagen f ibr i l s  in the corneal stromal lamel lae 

which are invar i ant in different vertebrate genera and in find ing how 

the d i str ibution of  collagen f ibr i l  d iameters changes w i th age.  

Further , the d iameter d istr ibution o f  collagen fibr i ls in the stroma 

will  be determi ned as a function of the d istance from the anter ior 

sur face . 

Corneas were prepared for l ight and electron microscopy by the 

methods descr ibed in Chapter 2 .  The corneas of 29 vertebrate genera 

were stud ied in thei r  adul t form , and the corneas o f  four of the 

animals included in thi s  group ( frog , rat ,  guinea pig and man) were 

stud ied as a funct i on of  age .  The neonatal corneas of a further three 

�ammals (capuchi n  monkey , squ i r rel monkey and hippopotamus) were 

obta ined from animal s  which had d ied at birth or close to bi rth . 

Finally ,  the possible vari ation of collagen f ibril  d ia�eter 

d i str ibution with increasing d istance from the anter ior sur face of the 

cornea was determi ned by cutting thin sections across the total 

thickness of the cornea and measuring the distr ibutions at s i x  

equi-spaced locat i ons between the mos t  anteri or portion (underlying 



the corneal epi thel ium) and the most poster ior por t ion ( overlyi�g 

Descemet ' s  membrane) . Th is was done for s ix of  the vertebra te genera ; 

snake , magpie , chick , rat , guinea pig and man. 

3 . 2  Results and D i scus s i on 

Light microscope observat ions have revea led tha t the thickness o f  

the cornea var ies markedly between the ver tebrate spec ies s tud i ed ;  

stromal th ickness -560 pm i n  man and - 1 0  � i n  the snake (Cra i g  anj 

Parry, l98 la) . The extremely thin cornea of the snake may � 

explained i n  p3 r t  by the presence of a chi t inous " exocornea " .  T':�e 

thickness of  th is exocornea was -20 pm in the specimen stud i ed , hence 

i t  is the chi t in and not the corneal epi thel ium which forms G�e mos� 

anter ior protect ive layer in thi s  animal . Simi larly, depend ing on the 

animal and i ts age , the thickness of the lamel lae const i tut i ng L�e 

stroma may also vary greatly (approximate range 0 . 1  - 3.0 pm ,  Figu re 

3 . 1) .  Each lamella contains an arr ay o f  simi larly or i entated col lage� 

f ibr i l s  �hose d iameters have been measured in transverse sec t i on . The 

�ean values and standard dev ia t i ons of  the col lagen f ibr i l  d ia�eter 

d i str ibutions of the 29 vertebrates used in the compara t i ve s tudy are 

l isted in Table 3.1.  I t  can be seen that none of the d istr ibut ions 

have a standard dev i ation greater than 2.3 nrn and thereby can be 

cons idered populations of uni form d iameter col lagen fibr i l s ( Parry and 

Craig , 1979 , 198 lb) . 

Further , i t  can be seen that the mean d i ameter s of the cornea l 

collagen f ibr i l s  in the four bony f i sh and i n  the adul t  sea- l i on are 

all close to 17. 5 nm, whi le the col l agen f ibr i ls of the cornea l 



TABLE 3 . 1  

MEAN DIAMETERS OF POPULATIONS OF COLLAGEN FIBRILS FROM THE CORNEAL 
STROMAL LAMELLAE OF THE AIXJLT VERTEBRATES STUDI ED 

Class Cannon Name 

Chondr i chthyes 
Dog fish 
Elephant f i sh 
Stingray 

Osteichthyes 
Goldfish 
Butter fish 
Mok i  
:arovm trout 

Amphibia 
Salamander 
Toad 
Frog 

Rept i l ia 
Turtle 
Snake 
Tuatara 

Aves 
Kiwi 
Magpie 
Chicken 
Pigeon 
Thrush 

r1amna l i a  
Sea-l ion 
Opossum 
Rabbi t  
Rock wallaby 
�'iallaroo 
Diana monkey 
Blackbuck 
Rat 
Hunan 
Guinea pig 
Ox 

Mean Diameter 
Genus and Spec ies + std . devn . - (nm) 

Koinga lebruni 2 6 . 2  + 1 . 4  -
cal lorhynchus mi lii  2 6 . 4  + 1 . 3  
Bathytoshia brevicaudata 2 5 . 3  + 1 . 3  -

Cypr inus carpio 
Coridodax pullus 
Latridopsis  c i l iaris 
Salmo trutta 

Nectu r i s  � ·  
Bufo mar i nus 
Hyla aurea 

Pseudemys scr ipta 
Thamnophis � ·  
Sphenodon punctatus 

Apteryx austral is 
Gynnorhina hypoleuca 
Gallus damesticus 
Columba l i v ia 
Turdus phi lamelos 

Zalop1us cal ifornianus 
Trichosurus vulpecula 
Orycto lagus cuniculus 
Petrogale penici llata 
Macropus robustus 
CercoEi thecus d iana 
Anti lope cerv icaEra 
Rattus norvegicus 
Homo saEiens 
carv ia EOrcellus 
Bos taurus --

16 . 7  + 2 . 3  
17 . 7  + 0 . 9  
16 . 8  + 1 . 1  
1 8  . l  + 1 . 0  -

24 . 5  + 1 .  7 
2 3 . 5  + 1 . 5  
2 3 . 9  + 1 . 6  -

2 5 . 1  + 1 .  9 
23 . 6  + 1 . 8  
27 . 6 +" 1 . 5  -

26 . 1  + 1 . 8  
2 5 . 0  + 1 . 3  
23 . 8  + 1 . 8  
24 . 5  + 1 .  7 
26 . 2  + 1 . 5  -

18 . 7  + 1 . 4  
27 . 6  + 1 .  8 
26 . 2  + 1 . 3  
25 . 7  + 1 . 2  
23 � 8 + 1 . 6  
25 . 5  + 1 . 8  
26 . 9  + 1 . 3  
23 . 5  + 1 . 7  
23 . 8  + 1 . 5  
26 . 1  + l .  7 
27 . 3  + 2 . 2  -

48 
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stromata of all  the other vertebrates have mean d i ameters - 2 5  n� 

(Figures 3 . 3  a-b , 3 . 4  a-e) . With the excepti on of the sea - l i on i t  

would thus appear that the bony f i sh a re unique wi th respect to the 

d i ameters of the ir corneal collagen fibr i l s .  I t  should be emphas i sed 

that the vertebrates chosen for study embrace six  classes of l i v i ng  

vertebrates , and that the corneal collagen fibr i l  d i ameters appear 

invar iant over f ive of these . The d iameters of the collagen f ib r i l s  

i n  the cornea of the sea-l ion would therefore appear anomalous and it 

i s  not clear whether th i s  value reflects the relative immatur i ty of 

the spec imen ( 1-year-old) or whether the sea- l ion represents another 

group of mammals ( say mar ine )  whose collagen f ibr ils atta in a d iameter 

of only -17 . 5  nm at adult l i fe .  Conver sel y the specimen may have 

suffered adversely in its preparat ion for electron microscopy . 

The diarneter s of corneal col lagen fibr ils \vhich have been 

publ ished in the l i terature are often quoted as s ingle values ( e . g . 

human cornea ; 20  nm ,  Jakus , 1961)  or as a range of values ( e . g . 

hunan cornea ; 2 2 . 3  3 6 . 6  nm ,  Borcherd ing et al . ,  1975) . These 

diameters are l i sted in Table 3 . 2  as e i ther the single value or the 

mid-point of the range of values quoted , so tha t they may be compared 

wi th the d iameters of col lagen f ibr il s  measured in th is work from 

s im i lar animal spec ies . The only corneal coll agen fibr i l  d i��eter 

publ i shed for a bony fish is 10 nm (g lass catf ish;  Cox et al . ,  1970) , 

and although thi s  value i s  much lower than the mean value of 17 . 5  nm 

suggested by thi s  work i t  does indeed con f i r.n tha t the cor nea l 

col lagen f ibr i l s  from bony f i sh are very s�all . The values of Jakus 

( 1 954 ) and Hay ( 197 3 )  showing 25 nm d iameter fibr i l s in both ra t and 

ch ick , are in excel lent agreement w i th these results , but the 

mid-range value of 34 nm (Ozanics et al . ,  197 6 )  for the d iameter of 
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F i g ure 3 . 3  Transverse sections o f  the col lagen fibr i ls from the cornea l 
stroma ta o f  f i sh .  Magni f ication : 82 000 X .  
( a) Populat ion of collagen fibr i l s  f r om  the corneal strom3 o f  a bony fish 
( go ld f i sh) ; the mean d iameter o f  the fibr ils i s  - 17 nm .  
( b) Popu l a t i on o f  collagen fibr i ls from the corneal stroma o f  a car ti lag inous 
f i sh ( s t i ng ray) ; the mean d iameter of the fibr i l s  is - 25 nn. 



F igure 3 . 4  Electron microg raphs o f  populations o f  col l agen fibr i ls fran the 
corneal stromata of ( a) dogf ish (chondr ichthyes) , ( b) salamander � amphibia) , 
{c )  snake ( rept i l ia) , magpie ( aves ) , and rabb i t  (mammal ia) . All co l l agen 
f ibr ils have d iameters - 25 nm .  Magni f ication : 92 0 00 x .  
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TAI3LE 3 . 2  

MEAN COLLt\GEN FIBR I L  DIAl1ETERS OF THE CORNEAL STRO� AS CITED IN 
VAR IOUS WORKS 

An ima l  
:1ean Diameter 
or mid-l?o int 
of  runge ( nm) 

Gl ass cat f i sh 
Bony f i sh 

Ch ick 
Ch ick 

!-1onkey 
Monkey 

Han 
Man 
i·bn 
l-1un 
Man 
,-1an 
:'-'!an 
M.i:ln 
M.:ln 
!•1an 
l·lan 

Pig 

Rabbi t 
Rabb i t  
Rabb i t  
Rabb i t  
Rabb i t  
�bbi t 3 1/J 
Rabbi t  5 :no 

10 . 0  
17 . 3  

23 . 8  
2 5 . 0  

23 . 5  
27 . 5  

25 . 5  
34 . 0  

2 1 . 5  
23 . 8  
2 5 . 0  
26 . o  
29 . 0  
29 . 5  
29 . 6  
3 2 . 5  
3 2 . 5  
34 . 0  
3 7 . 4  

45 . 0  

20 . 0  
2 6 . 2  
2 9 . 5  
3 0 . 0  
3 2 . 5  
5 2 . 0  
7 8 . 0  

Range o f  
Diameters (nm) 
(where knm.,rn) 

14 . 1  - 20 . 5  

21 . 2  - 27 . 4  

20 . 1  - 26 . 9  
2 5 . 0  - 30 . 0  

2 1 . 9  - 29 . 1  
3 3 . 0  - 3 5 . 0  

20 . 0  - 2 3 . 0  
20 . 8  - 26 . 8  
23 . 0  - 2 7 . 0  
24 . 0  - 28 . 0  
2 5 . 0  - 3 3 . 0  
22 . 3  - 36 . 6  
24 . 2  - 3 2 . 3 

3 0 . 0  - 3 5 . 0  
3 2 . 0  - 3 6 . 0  
3 3 . 0  - 4 1 . 6  

16 . 4  - 23 . 2  
2 3 . 6  - 2 8 . 8  
24 . 0  - 35 . 0  
20 . 0  - 4 5 . 0  
30 . 0  - 3 5 . 0  
2 2 . 0  - 82 . 0  
4 4 . 0  - 112 . 0  

Method o f  
Determin

-at i on 
Reference 

s 
s 

s 
s 

s 
s 

s 
s 

s 
s 
s 
s 
D 
s 
s 
s 
s 
s 
s 

F 

s 
s 
s 
s 
s 
F 
F 

Cox et al . ,  1970 
Th i s  work 

Th i s  wor k 
Hay , 1973 

Th is wor k 
Ja�<Us , 1954 

Thi s  wor k 
Ozanics et a l . , 1976 

Jakus ( s2e !13ur ice , 1957)  
Thi s  wor k  
Sch·,;a r z ,  1966 
Ja kus , 1961 
Sch�:1a r z , 1953 
Borcherd ing et al . , l975 
T rel s t3d e t  n l .-,-197 7 
Cox et al� 1970 
Francois-et nl . ,  1 9 5 4  
Hognn et ·a l .-,-197 1 
Kayes �Holmberg , 1960 

Rugged et �· , 1 979 

Cox et al . ,  1970 
Th i s  wor k 
Sm i th & Fra:ne , 1959 
C i ntron et  a l . ,  1 9 7 8  
Franco is et-al . , 1 � 5 4  
Klein e t  al .

-
,
-

1 9 8 1  
Klein et nl . ,  1 9 8 1  

D = :1easu remen ts f ro;n mic rog raphs o f  son i ca l l y  u isi?·=r sed fibr i l s .  
S = Mcasu renen ts f rom microg raphs of th i n-secti oned ma ter ial . 
� = Measu rements f rom micrographs of f ree ze- frac tu re repl ica s . 
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corneal collagen f ibr i l s  i n  the monkey i s  8 - 9 nrn higher than that 

recorded here ." Although d iameters of thi n- sectioned mater ial frQ� 

bo th rabbit and man have been reported many t imes the values quoted 

have var ied signif icantly from one observer to another . The mean 

values g iven for fibr i l  d iameters in man range from 21 . 5  to 37 . 4  nrn in 

the works c i ted in Table 3 . 2  and are spread about a value of -28 nrn .  

This i s  - 4  nrn larger than that measured i n  th i s  work .  Similarly the 

mean d ia�eters of fibr il s  in the rabb i t  corneal str oma when determined 

from thin section measurements by other worker s are , with one 

except ion , repor ted to l ie between 29 . 5  to 3 2 . 5 nrn .  Th is aga in is 

sign i f icantly larger G�an the 25 n� d iameter expected of the cornea l 

collagen f i br i ls of vertebrates which had been measured in th is work 

as 26 nm. These high values may be accounted for by the d i ff icul ties 

i n  mak ing such measurements ( see Chapter 6) . 

Further , those publ ished values of col lagen fibr i l  d ia�eter 

obta ined from measurement of freeze- fracture repl icas of corneal 

stromata are al l higher than those observed by th in sect ioning 

techniques . The value of 45 nrn quoted by Rugge r i  et al . ,  ( 1979)  for 

pig corneal collagen has taken into account the -2 . 5  nm repl ica 

th ickness claimed to be produced by the technique employed , and all 

subsequent measurements res t  on the assumpt ion that th is repl ica 

thickness is correct . I t  must al so be argued , however , that free zing 

as a method of speclinen pre parat ion might be expected to lead to 

f ibr ils hav ing a greater ( and closer to in v ivo) d iameter than those 

processed for electron microscopy by f i xat ion , dehydration and res in 

embedding .  Nonetheless , i t  is surpr ising that these techn iques should 

lead to such widely d i ffer i ng  es timates of f ibr i l  d iameter . Even more 
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surpr ising are the d iameters of 52 nm and 78 nm determined for corneal 

collagen fibr i ls of three-week and five-month rabb i ts ( Klein et al . ,  

1981) . These values are not only extremely high but , without gross 

differences in repl ica thickness and measuring technique bet•Neen the 

two samples , they also imply a 26 nm growth between these two ages in 

the rabbit . Detai led examination of thi s  paper (Klein et al . ,  198 1 ) , 

however , reveals that no allowance was made for repl ica thickness and 

al though it  was stated that the 67 nm 0-per iod was chosen as an 

internal magn i f ica t i on reference , the published micrographs with the ir 

scale-markings do not bear thi s  out . It would thus appear tha t any 

further considerat i on of these results must be undertaken wi �� 

caution . 

Such a post-natal growth of corneal col lagen f ibr i ls is not 

suggested by the results of th is s tudy .  The mean diameters of such 

f ibr i ls from four vertebrates at a var iety of ages are l isted in Table 

3 . 3 .  I t  can be seen that in the three foetal mamma l i an specimens 

stud ied (18  d foetal r at ,  14 w foetal and 24 w foetal man) the 

collagen f ibr ils  have d iameters -17 . 5  nm , whereas all other 

measurements ind icate fibr i l  diameters -25 nm from birth to adult in 

the guinea pig , b i r th to senescence in the rat and matur i ty to 

senescence in man . I t  could be expected that  25 nm fibr i ls would also 

be found in the cornea of man at some time close to birth , but 

specimens at these ages were not avai lable . The corneal collagen 

fibr i l  d iameters of three other mammals which were stud ied per inatally 

are also l is �ed in Table 3 . 3 .  Although the 1 . 5  d hippopotamus had a 

mean fibr i l  d i ameter - 2 5  nm expected of a mammal , it was found that 

the f ive-day hippopotamus and newborn capuchin and squi rrel 

all had corneal col lagen f ibr i ls which measured -20 nm . 

monkeys 

Such 



TABLE 3 . 3  

t1FAN DIAMEI'ERS OF POPULATI ONS OF COLLAGEN FIBRILS 
FROM CORNFAL STROMAL LAMELLAE IN DEVELOPING FROG , RAT , 

GU I NEA PIG , MAN AND SOME NEONATAL MAMMALS .  

Spec ies 

Frog 
( Hyla aurea ) 

Rat 
( Rattus norvegicus ) 

Gu i nea P ig 
(Ca r v i a  parcel lus ) 

Man 
( Homo sapiens ) 

H i pp::>potamus 
( H ippopotamus a�phibiu s )  

Capuch in Monkey 
(Cebus appel a )  

Squi rrel Monkey 
(Sa im i r i  sc iureus ) 

Age 
( F  = foetal )  

Tadpole * 
Adult 

18 d F 
0 w 

8 w 
16 w 

2 y 

0 d 
7 d 

17 d 
66 d 

Adul t 

14  w F 
24  w F 
1 8  y 
7 3  y 
7 5  y 

1 . 5 d 
5 d 

0 d 

0 d 

* Age unknown but hind l imbs had emerged . 

Mean D i ameter 
+ std . devn . ( nm) -

24 . 2  + 1 .  8 
23 . 9  + 1 .  6 -

18 . 2  + 1 . 1  
24 . 0  + 1 .  0 
23 . 3  + 2 . 1  
23 . 5  + 1 . 6  
23 . 7  + 1 .  5 -

25 . 1  + 1 .  9 
26 . 0  + 1 .  5 
26 . 8  + 1 .  6 
26 . 6  + 1 .  5 
26 . 2  + 2 . 1  -

17 . 2  + 1 . 0  
16 . 7  + 1 . 7  
24 . 1  + 1 .  6 
23 . 1  + 1 .  3 
23 . 8  + 1 .  4 -

24 . 2  + 1 .  2 
19 . 4  + 1 . 0  -

20 . 9  + 1 .  5 -

20 . 5  + 1 .  6 -
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measurements are considered to be too large to be included in the bony 

fish and foetal mammal grouping of -17 . 5  nm and not large enough to be 

considered -25 nm f ibr il s .  

The data relating to th e  depth study of the corneal stromata are 

g iven in Table 3 . 4 .  Thi s  shows that  the diameters of the col lagen 

f ibr i ls of  the cornea are invar i ant throughout the stroma with Lhe 

excepti on ,  i n  same spec ies , of  same f ibrils immed iately adj acent to 

Descemet ' s  membrane . The fibr i ls throughout the stroma are of  uni form 

d iameter ( -25 n11) in snake, gu inea pig arrl man , but the most poster ior 

f ibr i ls in the rat and chick stromata had fibr i ls whose d iameters were 

measur;ed at 17 . 4  nm and 18 . 2  nm respec tively,  and wh ich can be 

considered - 1 7 . 5  nm d iameter f ibr i ls s im i lar to those recorded for 

bony f i sh and foetal mammals . Further , the most poster ior f ibr ils in 

the magpie cornea were measured at 19 . 7  nm and , l ike the stromal 

f ibr i l s  of some neonate mammals ,  must also be consi dered intermed i ate 

between - 17 . 5  nm and -25 nm f ibr i l s .  I t  must thus be concluded tha t ,  

w i th minor exception , the collagen f ibr ils  of the vertebra te corneal 

stroma are of uni form d iameter s  and do not vary with the ir  posi t ion in 

the stroma . This is  in agreement w i th the data of Cox et al . ,  ( 1970)  

but is contrary to the oft-c i ted resul ts of Jakus ( 19 61 )  that the 

collagen f ibr i ls increase in d iameter with increas i ng depth in G,e 

corneal stroma of  man ; or of Goldman and Benedek ( 19 6 7 )  that the 

collagen fibr i ls decrease in d iameter with increas i ng depth in the 

corneal stroma of  the dogf i sh .  

I n  this present wor k ,  8 4  col lagen f ibr i l  d iameter d istr ibut ions 

have been measured from the 44  vertebrate corneas studied , and of 

these , but four can be considered anomalous . They do not fit the 17 . 5  

I 25 nm pa ttern whi ch has otherwise been establ i shed . These data are 
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TABLE 3 . 4  

VARIATION OF MEAN COLLAGEN FIBRIL DI AMETER WITH DEPTH BELOW THE 
ANI'ERIOR SURFACE OF CORNEAL Sl'ROMA 

Level in Mean col lagen fibr i l  d iameter + std . devn . ( nm) -
Stroma Snake Magpie Chick Rat Guinea Pig Human 

1 23 . 3+1 . 8  25 . 9+1 . 6  24 . 7+ 1 . 6 24 . 5+ 2 . 1  28 . 4+1 . 8 22 . 2+1 . 3  - - - - - -

2 22 . 1+1 . 6  25 . 8+1 . 4  24 . 1+1 . 8  25 . 7+ 1 . 8  27 . 4+1 . 3  22 . 0+1 . 6  - - - - - -

3 22 . 8+1 . 8  22 . 5+1 . 6  23 . 7+ 2 . 2  24 . 7+ 1 .  6 27 . 7+1 . 8  22 . 1+1 . 4 - - - - - -

4 23 . 7+ 1 . 6  24 . 5+1 . 7 23 . 6+ 1 . 7 22 . 1+2 . 3  28 . 2+1 . 7 22 . 4+1 . 3  - - - - - -

5 22 . 8+ 1 .  6 24 . 8+1 . 6  22 . 7+1 . 7 23 . 6+2 . 4  27 . 7+ 1 .  6 22 . 1+ 1 .  5 - - - - - -

6 21 . 9+1 . 7  1 9 .  7+1 . 3  1 8 . 2+1 . 6  17 . 4 +1 . 4  26 . 3+1 . 3  22 . 4+1 . 6  - - - - - -

-
Mean of 22 . 9+1 . 8  25 . 3+1 . 7 23 . 8+1 . 9 24 . 1+2 . 4  27 . 9+ l .  7 22 . 2+1.4 - - - - - -

1-5 



l isted in Table 3 . 5  and consi s t  of  the d istr ibutions measured from �,e 

corneas o f  the neonate hippopotamus , capuchin and squ i rrel monkeys and 

the d istribut ion obtained from the most poster ior reg ion of  the magpie 

cornea . I t  i s  not known whether these f ibr il d i ameters are the resul t 

of i ll-managed prepara t i ve procedures for electron microscopy or 

whether they represent short-l ived trans ient forms of f ibr ils of the 

establ i shed preferred d iameters .  

Early theories expla ining the transparency o f  the cornea required 

that the stromal collagen f ibr ils  be d i sposed in a regular hexagonal 

lattice within the lamell ae (Maurice , 1957 ) , but later theor ists 

claimed that no such regular lattice ex isted (Goldman and Benedek , 

1967 ; Smith and Frame,  1 96 9 ;  Farrell and Hart , 1969) . Smith ( 1969 ) 

postulated that the corneal transparency was due to the near 

equivalence of the refractive ind ices of the col lagen fibr i ls and the 

surround i ng matr ix , whi le others ( Hart and Farrell , 19 69 ; Benedek ,  

197 1 ;  Twersky , 1975 )  cla im that the phenomenon must be accounted for 

by l ight scatteri ng from cyl inders (collagen f ibr i ls)  which are of  

uni form d iameter and separated from each other by d istances smaller 

than the waveleng th of light . More recent workers ( e . g . Sayers et 

al . ,  198 2 )  favour theor ies of shor t  range order between fibr i ls ,  

though the mechanism of transparency is sti ll  no t fully understood . 

The results of  the ultrastructural s tud ies of th is work would favour 

any theoretical considerations which necess i tated a constancy of 

coll agen f ibr i l  d iameter . 

The results obta ined from the work undertaken for th i s  �,es i s  may 

thus be summar i zed : 

a )  col l agen f ibr ils of the adul t  ver tebrate corneal stroma have 

preferred si zes of  -17 . 5  nm in the bony fish and -25 nm in the other 
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TABLE 3 . 5  

COLLAGEN F I !3R ILS OF THE VERTEBRATE: COR"JEAL STROMA HAVING D I A.'1ETERS 
w1UCH ARE NOT SI!1PLE ;"!ULT I PLES OF -s nm 

F ibr i l  D iamet2r 
Ani:nal Age + std .  dev n .  ( n11) -

Hi p?Qpota:nus 5 d 19.4 + 1 . 0  -

Capuchin :nonkey 0 d 20 . 9  + 1 . 5  -

Squ i rr el :non key 0 d 20 . 5  + 1. 6 -

�gpie * Adul t 19 . 7  + 1 . 3  -

* F i br i l s  of mos t  poster ior portion ( layer 6 )  adj acent to Descenet ' s  
membrane . 
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vertebrate classes , 

b) the fibr i ls are not ini tially formed at thei r  definitive 

s i zes , but do indeed g row during pre-natal development . 

c) the fibr i ls are invar i ant in d iameter throughout the depth of  

the ma ture strQna , and 

d) the fibr i ls remain at a f i xed d iameter throughout adult life . 

Although good comparative ana tomy can be undertaken by 

conventional electron microscopy, it is important to real ise tha t the 

specimens examined in thi s  work are all  dehydrated and res in-embedded 

and it i s  l ikely therefore that the col lagen fibr i l  d iameters reported 

are smal ler than the true i n  v i vo values . Evidence i s  reported in 

Chapter 6 that smal l  collagen fibr i l s  in a var iety o f  tissues (cornea , 

notochord , chick metatarsal tendon) have d iameters that  measure from 

1 0  - 3 0 %  less by electron microscopy than when measured in a hydra t�J 

state by a non-destructive method (X-ray d i ffraction) • The in v i vo 

value of the diameters of collagen fibrils from the corneal stroma 

could thus be as great as 25 nm in bony fish and 3 6  nn in other 

vertebrate classes . 



CHAPTER FOUR 

EXPERIMENTAL OBSERVAT IONS ON THE GROW'lli AND DEVELOPr1ENT 

OF COLLAGEN FIBRILS 

4 . 1  Introduct ion 

Pr ior to the work of Parry et al . ,  ( Parry et al . ,  1978a , 1978b , 

198 0 ;  Par ry and Craig ,  1977 , 1978 , 197 9 ; Craig and Parry,  198 la , 

l98lb) l i ttle quanti tative data was ava ilable on the form of the 

coll agen fibr il d iameter d istribution in connective tissues as a 

function of age . The few diameter measurements which had been 

reported in the literature were often both unrel iable and incomplete ; 

mean or ranges of dia�eter were quoted from which the form of  the 

d istribution could not be der ived , the age of the ti ssue was often 

unspec i f ied , insufficient measurements were recorded to render the 

data signif icant , and inadequate precautions were taken to es tabl ish 

the true magn i f ication of the electron microscope . I t  was thus 

cons idered necessary to es tabl ish rel iable data , as a function of age ,  

for the size distr ibutions o f  collagen fibr ils in diver se connective 

ti ssues . Such data wi ll not only lead to a better understand ing of 

the mechani sms of fibr i llogenesis but should form the bas is of an 

interpretation of the mechanical attr ibutes of  a connective tissue in 

terms of i ts consti tuent collagen fibr ils . 

Tendons and l igaments are dense regular connective ti ssues ; the 

cons ti tuent collagen f ibr ils , w i th their long axes lying paral lel to 

one another , are close packed in an hydrated mat r i x  wh ich is rich in 

proteog lycans and conta ins f ine elas t ic networks . Almost exclusively,  

the cel lular elements in tendon are the elongate fibrocytes . Such 
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cel l s , which are responsible for the synthes i s  of collagen , 

proteoglycans and elastin , are arranged paral lel to the bundles o f  

coll agen f ibr i l s  and have long slender cytoplasmic processes ram ify ing 

throughout the tissue . Fibrocytic processes , col lagen f ibr i ls and 

elastic f ibres can be seen in the transverse section of rat-ta i l  

tendon shown i n  Figu res 1 . 5  and 1 . 6 .  Such axially orientated 

collagenous tissues , being flex ible and having high tensi le strength , 

are wel l  suited for sustaining tens i le force . 

Sk i n  forms the physica l  l imit  between an animal and its 

env ironment and in most vertebrates i ts outermost layer is composed o f  

a kerati n i z ing strati f ied squamous epi thel ium. The basal (germina l) 

layer of  th is epidermis is commonly undulating and is separated from 

the underlying dermis by a basement membrane . The most super fic ial 

par t  of the dermis is  thrown into folds wh ich interdig i tate with the 

undulations of  the epidermis .  The collagen fibr i ls of this , the 

pap il lary layer of the dermis , are usually smaller in d iameter than 

tho se deeper in the dermis and are less wel l or i entated though many o f  

the f ibr ils within the papi llary core l ie a t  right angles to the 

epidermal sur face . I t  has been suggested (Jarrett , 1973 )  that the 

epidermal cells rather than the f ibrocytes may produce low molecu lar 

we ight glycosaminoglycans in the papi llary layer of the dermis , and 

that thi s  reg ion may act as a relatively fluid v iscous layer wh ich 

faci l i tates cohes ion between the epi dermis and the super f ic ial dermis . 

The rema inder of the dermis , the ret icular layer , forms the greater 

par t  of the sk in and cons ists largely of elongate fibrocytes , 

or ientated interweav ing bundles of  col lagen f ibr ils and the assoc iated 

hydrated proteog lycan matr i x .  



The work undertaken in thi s  thesi s  i s  thus an extension of that 

of Parry et al . ,  ( Parry and Craig , 1977 , 197 8 , 19 79 ; Parry et al . ,  

l978a , l978b , 1980 ; Cra ig and Parry, l98la , l98lb) and cons i sts of  

age-related stud ies of the sk ins of lamprey ( a  cyclostome) , trout (a  

bony f i sh) , frog ( an amphibi an) , chick (a  bird) and rat , guinea pig , 

sheep , greyhound and man (mammals) and the tendons and l igaments from 

the ch ick , guinea pig , rat and sheep . The collagenous features of a 

small selection of other vertebrate connect i ve tissues will also be 

repor ted . · 

4 . 2  Tendons and Ligaments 

4 . 2 . 1  Av ian Metatarsal  Tendon . 

An electron microscope study of  developing chick metatarsa l 

tendons was f i r s t  undertaken by Jackson ( 1956)  who showed that the 

mean d iameters of  the col lagen fibr i l s  comprising the metatarsa l  

tendons o f  8 ,  l l , l l-13 , 14 , 1 6  a nd  2 0  day foetal ch ickens were 8 ,  12 , 

17 , 25 , 31 and 40 nm respectively .  Confirmat ion that these d ia�eters 

do indeed reflect a possible 8 nm "microf ibr i l "  in the collagen f ibril  

( see Fraser et al . ,  l979a ;  Parry and Craig , 1979 , Parry et al . ,  1980 

and Chapter 6) ind icated that th is tissue should be fu rther 

inves tigated by both electron microscopy ( th is thes is , Eikenberry et 

al . ,  l98 2a) and low-angle x-ray d i ffrac tion (Ei kenberry et al . ,  

l982b) • In add i t i on these stud ies wi ll allow important correlat ions 

to be made between the physical parameters determined by each of these 

techniques ( see Chapter 6) • 

The collagen fibr i l  d iameter distr ibution data measured from 

chick metatarsal tendons are l isted in Table 4 . 1 . Those d i str ibutions 

which appeared to be composed of d is crete populations ( 15 d F ,  



TABLE 4 . 1  

MEAN AND MASS-AVERAGE DIAMETERS OF COLLAGEN FIBRILS 
IN  CHICK METATARSAL TENDONS 

Age ( 1 , 2 )  Mean Diameter Mass-average 
D i am .  ( nrn) 

11 d F* 
12 d F* 
13 d F* 
14 d F ( i ) *  
14 d F ( i i ) *  
15 d F** 
17 d F ( i ) * 
17 d F ( i i )  ** 
18 d F** 

0 d 
Adult 

+ Std . devn . ( nrn) 

33 . 1  + 2 . 9  
38 . 9  + 1 .  9 
44 . 9  + 3 . 4  
39 . 1  + 3 . 0  
32 . 3  + 1 . 8  
37 . 9  + 5 . 4  
41 . 2  + 3 . 2  
40 . 2  + 5 . 0  
50 . 4  + 10 . 8  
45 . 6  + 11 . 1  

132 . 9  + 91 . 1  

33 . 6  
39 . 1  
45 . 4  
39 . 5  
32 . 5  
39 . 5  
41 . 7  
41 . 4  
54 . 5  
50 . 5  

235 . 9  

J l )  F refers to foetal . 

{ 2 )  Designat ions ( i ) and ( i i )  represent d istr ibutions 
obtained f rom d i fferent specimens from d if ferent areas 
of the same specimen . 

* Standard deviations < 3 . 5nm .  Populations are sharp and 
un imodal .  

** Populations mul timodal and can be resolved into 
sub -populations ( see Table 4 . 2 ) 

6 4  



17 d F ( i i )  and 18 d F :  d F specifies "days foetal" ) were analysed 

us ing a computer program for non-l inear least squares decomposition of 

mixtures of populat ions w i th the assumptions that the populations were 

normal , and had equa l  standard dev iat ions . From such ana lyses of the 

overal l d istributions , the mean values of the consti tuent populati ons 

and the proport ion o f  the data fall ing within each population were 

derived and these are l isted in Table 4 . 2 .  A low resolut ion 

micrograph of 18 day foetal chick metatarsal tendon is i llustrated i� 

Figure 4 . 1 .  

Further , the rad ial d istr ibution functions der ived from b�e 

spatial arrangement of the collagen f ibr ils were calculated ( see 

Chapter 2 )  from micrographs of those chick metatarsal tendon speci mens 

wh ich displayed sharp unLmodal d istr ibutions o f  fibr i l  d iameters 

(Figure 4 . 2a ) , and for the 18 day foetal spec imen (Figure 4 . 2b) . The 

modal separations of fibr ils  ascerta i ned from such functions are then 

compared with the mean separat i ons determined by X-ray d iffract ion 

stud ies ( see Chapter 6) and , for the sharp unimodal d i str ibutions ,  t�e 

mean sur face separat ion of fibr i ls is calculated as ��e d ifference 

between the modal separation and measured mean diameter ; these data 

are l is ted in Table 4 . 3 .  

The foetal specimens examined in this study had all  been fixed 

and embedded for electron microscopy by E . F .  Eikenberry ( Rutgers 

Med ical School , Piscataway, New Jersey) and three of these ( 13 d F ,  15 

d F and 17 d F ( i i ) ) were the same specimens used for X- ray d i ffraction 

stud ies . Subsequent electron microscopy of one of these spec imens 

( 15 d F) showed tha t  i t  had suffered bacter ial contamination ,  

presumably whi lst being held in buffer during the diffraction stud ies . 

Details of the fibr il  packing in this t issue are i llustrated in Figure 
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TABLE 4 . 2  

RESOLUTION OF MULTIMODAL D ISTRISUTIONS OF COLh�GEN F I BRILS IN 
CHICK METATARSAL TENDONS . 

Age Population mean % to tal fibr i ls Separation of  means 
d iam . � std .devn. (nm) in population of population (nm) 

1 5  d F 3 3 . 4  + 2 . 0  4 5  
40 . 8  + 2 . 0  4 3  
48 . 2  + 2 . 0  12 7 . 4  -

17 d F* 34 . 3  + 1 .  7 21 
40 . 6  + 1. 7 55 
46 . 9  + 1. 7 24 6 . 3  -

18  d F 36 . 6  + 2 . 5  11 
4 5 . 0  + 2 . 5  31  
53 . 4  + 2 . 5  3 2  
6 1 . 9  + 2 . 5  22 

- 70 . 3  + 2 . 5  4 8 . 4  r -

* Corresponds to l 7 d F ( i i )  of  Table 4 . 1 .  



F i g ure 4. 1 Electron m icrograph of 18 
showing cross sec'tions of imnature 
which are del ineated by the cytoplasmic 
Magn i f ication : 21 000 X .  
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day foetal chick metatarsal terrlon 
collagen fibr ils organized into fibres 
processes of surround ing tenocytes . 
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Figure 4.2 Electron micrographs of col lagen f ibr ils in developiixJ chick 
�etatar sa l  tendons . Magni f icat ion : 65 000 x .  
( a )  14 day foetal tendon d i splayiog a population o f  uni form d iameter collagen 
fibr i ls (mean d iameter -40 nm) . 
(b) 18 day foetal tendon d isplaying a heterogeneous population of collagen 
f ibr i l  d iameters . 



TABLE 4 . 3  

MODAL CENTRE-TO-CENTRE AND MEAN SURFACE SEPARATIONS 
OF COLLAGEN FIBRILS IN FOETAL METATARSAL TENDONS 
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Age Mean Modal Sepn . Mean Surface X-ray modal 
Sepn . ( nrn)  ( 3 )  Diam .  ( nm )  ( nm) ( 1 )  Sepn . (run) ( 2 )  

l l  d F 33 . 1  6 5  31 . 9  
12 d F 38 . 9  7 5  36 . 1  
13 d 
14 d 
15 d 
17 d 
18  d 
19  d 

( l )  

( 2 )  

( 3 )  

( 4 )  

( 5 )  

* 

* *  

F 44 . 9  7 9  3 4 . 1  87 
F* 39 . 1  74 33 . 9  
F 37 . 9  - ( 4 )  - - -- (5 )  96  
F**  41 . 2  75 3 2 . 8  
F 50 . 4  8 2  - - -- (5 )  
F ---- -- -·--- 87 

Calculated from rad ial  d istr ibution function . 

C9lculated as the d i fference between the modal separation a nd  the 
'mean d iameter . 

Data from Eikenberry et al . ,  198 2b . 

Modal separat ion could not be calculated because of bacterial 
contamination ( see Sect ion 4 . 2 . 1 ) . 

Cannot be meaningfully calculated as a d i fference for a broad 
mul timodal d istr ibution ( see note 2 ) . 

Corresponds to 14 d F ( i ) in Table 4 . 1 .  

Corresponds to 1 7  d F ( i ) i n  Table 4 . 1 .  
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4 . 3 .  These micrographs show the invas ion of bac ter i a  into the ti ssue 

and the resultant d i sorgan i zation of packing lead i ng to f ibr ils 

fal l ing into configurations o f  close array. 

Al though such contamina t i on must be considered an undes i rable 

phenomenon , the resul tant observations may indeed be prov id ing some 

useful information .  The collagen f ibr il  d iameter d i str ibution appears 

to f i t  the pattern of growth established , in that the fibr i ls are 

larger than those present in the 13 day foetal specimen and are aL�ost 

ident ical to one of the 1 7  day foetal specimens . I t  could thus be 

argued that the growth substrate for the bacter i um  i s  the tendon 

matri x  rather than the col lagen fibr i ls and that the d igest ion of  this 

matr ix  has allowed the collagen f ibr ils to collapse into the close 

arrays observed . As the f ibr i ls are never seen in such arrays in 

tendons in the i r  normal phys iolog ical statG , the observations on the 

bacterially conta�inated tendon would ind icate the importance of the 

mat r i x  ( presumably the proteoglycans) in mainta i n i ng some min i�un 

surface to surface separat ion of the fibr i ls in vivo .  

4 . 2 . 2  Mammal ian Tendons and Ligaments 

Earl ier studies on foetal , newborn and adul t rat and ho rse 

t i ssues ( Parry and Crai g  1 97 7 , 1978 ; Parry et al . ,  1978a , 1978b , 

1980)  have suggested that , dur ing the gestation per i od , modes of 

development of connective tissues vary signi ficantly between ma�al ian 

spec i es . Most mammals , includ i ng rat and man , have offspr ing wh ich 

are very immature at birth and such newborn mammals requi re a 

cons iderable degree of parental care or nurs ing . Such a mode of 

development is referred to here as "al tr ic ious " . In contras t the 

horse , an ungulate , is  capable of locomotion with in a short t ime of 



7 1 

F i gure 4.3 Electron micrographs ( a  - d) showing the d isorgan i zation of the 
col lagen fibr ils within the . bacter ially contaminaterl matr ix of the 15 day 
foetal chick metatarsal teooon . It would appear that the bac ter ia have 
d igested the supportive matrix am allowed the col lagen fibr ils to fall into 
" close-arrays" as ind icated here by the l ines markerl on the m icrographs . 
Magn i f ication : 100 000 X.  
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birth and i t  has been 

which are well  developed 

( Parry et al . ,  197 8b) • 

shown at thi s  age to have tend inous tissues 

i n  terms of  collagen f ibr i l l ar contents 

Such a high degree of development in utero of 

the ma�al ian offspring g ives r i se to a neonate referred to here as 

"precocious" . 

Such locomotory precoc ity 

( Per i ssodactyla , Ar tiodactyla) ,  

is found in the ungulates 

sub-ungulates ( Proboscidea , S i ren ia , 

Hyracoidea) , mar ine mammals (Cetacea , Pinnipedia) , and the cav i omorph 

rodents (gu i nea pig) , whi l st the mammals of the other placental orders 

g ive birth to thei r  young in varying al tr ic ial states (see Table 4 . 4 ) . 

Ther� --- are undoubtedly sane except ions to this general class ification .  

For example a few genera of fami lies from other orders o f  placentals 

(mainly all  Rodentia ) , which are l isted as altr icious , may tend 

towards be ing precoci ous . The 

chosen for this study were 

two developing precocious mamnals 

the sheep and the guinea pig a nd  the 

developing a l tr icious mammal stud ied was the rat . 

Three t issues were chosen for study in the sheep and these were 

the common d ig ital ex tensor tendon , superficial d ig ital flexor tendon 

and suspensory ligament . These were taken from the forel imbs o f  a 

selection of  pre-natal and post-natal animals rang ing in age from 60 

day foetal to f ive weeks after b i r th .  The gestation per i od  of t�e 

sheep is nominally 145 days . In the 60 day foetal flexor tendon tvJO 

separate specimens were stud ied ,  whi l st in the 72 day foetal ex tensor 

tendon , 72 day foetal flexor tendon and 70 day foetal l igament bJo 

d i fferent areas of the same specimen were studied ; in each of these 

cases two d istinctive collagen fibr i l  d ia'lleter d istr ibutions were 

recorded . All of the data obtai ned from this age-related s tudy of  

sheep tendons and l igaments are l isted in Table 4 . 5  and the forms of 
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TABLE 4 . 4  

PRECCX: IOU S-ALTR I C IOUS CLASS I F ICAT I ON OF NEDNATE PLACENTAL MN 1M.l.\.LS * 

"GROU P "  
Order * *  

( sub-ord er ) 

UNGULA'rES 
Per i s s od ac tyl a ( 16 )  
Art i od ac tyl a ( 17 1 )  

SUB-UNGULAT E  
Probo s c i dea ( 2 )  
S i ren i a ( 5 ) 
Hyraco i dea ( l l )  

1-li\R I NE -MA. "1:'1;'\ LS 
Cetacea ( 84 ) 
P i nn ipe?d i a ( 3 0 ) 

./ 
arHER PLACENTALS 

Rodent i a  ( 16 9 0 )  
( Cav ia11or pha ) 
(Other sub-orders ) 

I nsec t i v o r a  ( 4 0 6 )  
Der:nopter a  ( 2 )  
Ch i ropte r a  ( 8 5 3 )  
Edentata ( 3 1 )  

Pho l idota ( 8 )  
Tubul iden tata ( 1 )  
Lagomorpha ( 63 ) 
Carn i vo r a  ( 2 5 4 ) 

Pr imates ( 16 6 )  

Ex amples 
o f  order 

Hor se , Tap i r ,  Rh i noceros 
Shee p , An telope , H i ppopota'Tlus 

Elephant 
Dugong , Sea Cow , 1-Ena tee 
Hyr a x  

\'.'ha le , Dol ph i n , Por po i se 
Sea l , �'la l r us ,  Sea- l  i on 

Gu i nea p i g , Paca , Ago u t i  
Rat , Squ i r rel , Bea ver 
Hedgehog , Mol e ,  Shrew 
Fly i ng lemu r 
Bats 
Anteater , Armad i l lo , Sloth 
Pango l i n  
Aardva r k 
Rabb i t , Ha re 
Cat , !Jog , Bear 
Lemu r , Mon key , Man 

��eonate 
state * * * 

p 
p 

p 
p 
p 

p 
p 

p 
.l.\ 
A 
A 
A 
A 
.7\ 
A 
A 
A 
A 

* Table comp i led for th i s  thes i s  f rom data obta i ned f ro;n �'lal:<e r , 
( 1 97 5 )  and other sources . 

* *  F i gures i n  brackets ind ica te number o f  l i v ing s9ec i es (Vaug�an , 
197 8 )  • 

* * *  P ,  Precoc i ous ; A ,  Al tr i c i ous . 



TABLE 4 . 5  

MEAN AND MASS-AVERAGE DIAMETERS OF COLLAGEN FIBRIL DIAMETER 
DISTRIBUTIONS OF TENDONS AND LIGAMENTS IN THE DEVELOPING SHEEP 
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Age ( 1 )  
( F ,  foetal )  

�an Diameter 
+ std .devn . (run) 

Mass-average d ia� . 
( nm) 

( a )  Forel imb common dig ital extensor tendon 
60 d F* 39 . 5 + 2 . 7  
72 d F ( i ) *  40 . 3  + 2 . 3  
72 d F ( i i ) ** 44 . 0  + 4 . 4  

120 d F 71 . 2  + 2 9 . 8  
5 w 80 . 7  + 28 . 4  

(b) Forel imb super ficial 
60 d F** 
72 d F ( i ) ** 
72 d F ( i i ) *  

120__.d F 
' 5  w 

(c)  Forel imb suspensory 
70 d F ( i )  * 
70 d F ( i i ) ** 
72 d F* 

120 d F 
5 w 

d ig ital fle xor 
29 . 5  + 3 . 8  
38 . 7  + 4 . 2  
40 . 4  + 2 . 2  
74 . 4  + 21 . 1  
95 . 0  + 34 . 2  

ligament 
24 . 8  + 1 .  3 
2 9 . 4  + 3 . 9  
40 . 5  + 3 . 5  
69 . 7  + 22 . 1  
98 . 7  + 30 . 1  

tendon 

3 9 . 9  
40 . 6  
43 . 0  
93 . 4  
9 9 . 1  

30 . 5  
3 9 . 6  
40 . 6  
8 5 . 3  

116 . 7  

25 . 0  
30 . 4  
4 1 . 0  
82 . 2  

· 114 . 8  

( 1 )  Designations ( i )  a nd  ( i i )  represent di str ibutions obta ined from 
d if ferent areas of the same specimen . 

* 

** 

Sharp unimodal d istr ibution ;  standard dev iation < 3 . 5n� .  

B imodal d istr ibution , can be resolved into component populations 
( see Table 4 . 6 ) 
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the distr ibutions of the collagen f ibr il d iameters from some of these 

tissues are shown in Figures 4 . 4  - 4 . 6 ,  as both frequency and volume 

distr ibutions . Four of the d i str ibut ions were rela tively sharp 

( standard dev iations 3 . 8  4 .  4 nm) but clearly contained bJo 

populations of fibr i l s ; these were further analysed to resolve the ir 

constituent populations . These data are l isted in Table 4 . 6  along 

with those populations l isted in Table 4 . 5  which were unimodal and 

sharp ( standard dev iat i on < 3 . 5  nm) . 

The tend inous tissues stud ied in the guinea pig were the forel linb 

dig i tal flexor and extensor tendons and the central tendon of  the 

d iaphragm . 

and adult 

The ages of the animals stud ied were 0 ,  7 ,  17  and 66 day 

( -1 year) . The mean and mass-average d i ameters o f  the 

collagen fibr i ls in these tissues are l isted in Table 4 . 7  and the 

forms of the distr ibutions are shown in Figures 4 . 7 - 4 . 9 ,  as both 

frequency and volume d istributions . All such d istr ibutions were broad 

at birth and none could be resolved into consti tuent populations . 

A cons iderable amount o f  data relating to the 

distributions of collagen f ibr i l s  from tend i nous t i ssues in 

post-natal , mature and agei ng rats has already been publ ished (e . g .  

rat ta il-tendon , Parry and Craig 1977 , 1978 ; tibial col lateral 

l iga�ent , flexor d igitorum longus and Achi lles tendons , Parry et a l . ,  

1980 ) . These stud ies ref lected the degree of immaturi ty of the 

ti ssues in thi s  altricious mammal two days after birth ,  and th is 

present study is  an extensi on of the earl ier work in that it  exa�ines 

a forel imb ( flexor d igi torum longus) and a hindl imb flexor tendon in  

their  late pre-natal .and early post-natal development . The gestat ion 

per iod of the rat is  21  days and the ages chosen for s tudy were 18 day 

foetal ,  0 ,  2 and 5 days . 
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Figure 4.4 Frequency distributions (left) and mass distributions (right) of 
collagen fibril diameters from various stages of development in a sheep fte.xor 
tendon. 
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Figure 4.5 Frequency distributions (left) and mass distributions (right) of 
collagen fibril diameters from various stages of development in a sheep extensor 
tendon. 
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Figure 4.6 Frequency distributions (left) and mass distributions {right) 
of collagen :tlbril diameters from various stages of development In a sheep 
suspensory ligament. 



TABLE 4 . 6  

RESOLUTION OF SUB-POPULATIONS OF COLLAGEN FIBRIL DIAMETERS 
IN SHEEP TENDONS AND LIGAMENTS ; 

THEI R  COMPARISON WITH THE SHARP UNIMODAL D ISTRIBUTIONS OBSERVED . 
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Age ( 1 )  
( F ,  foeta l )  

M=an D iam .  
+ std . devn . (nm) 

Nominal F i br i l  
Diam .* (nm) 

% Total f ibr i l s  
i n  ( sub) popu lat i on 

( 3. )  Fore l imb common dig i tal ex tensor tendon 
60 d F 39 . 5  + 2 . 7  40 100 
72 d F ( i ) 40 . 3  + 2 . 3  40  100 
72 d F ( i i )  40 . 6  + 2 . 7  40 75 

48 . 9  + 2 . 7  4 8  2 5  -

(h )  Forel imb super f ic i a l  d i g ital f lexor tendon 
60 d F 26 . 5  + 1 . 5  24 55 

3 2 . 9  + 1 . 5  32 45  
72 d F ( i ) 34 . 8  "+ 2 .  3 3 2  4 8  

4 1 . 9  + 2 . 3  40 52 
7� d F ( i i )  40 . 4  + 2 . 2  40 lO O -

( c )  Forel imb suspensory l igament 
70 d F ( i )  24 . 8  + 1 . 3  24 100 
70 d F ( i i )  26 . 0  + 0 . 9 24 52 

33 . 6  + 0 . 9 32 48 
72 d F 40 . 5  + 3 . 5  40 100 -

( l )  Des igna t i ons ( i )  and ( i i )  represent d i str ibu t i ons obta ined from 
d i f ferent areas of the same spec imen . 

* Fibr i l  d iameter expressed as mul t iple of 8 rr� closest to the 
ooserved value . 



TABLE 4 .  7 

ME&� AND MASS-AVERAGE DIAMETERS OF COLLAGEN FIBRIL DIAMETER 
DISTRIBUTIONS OF TENDONS FROM NEONATE TO ADULT GUINEA PIGS . 

Age Mean Diam. Mass-average d iam . 
+ std . devn . (nm) (nm) -

(a )  Dig i tal extensor tendon 
0 d 72 . 5  + 26 . 3  88 . 9  
7 d 81 . 4  + 31 . 3  102 . 5  

17 d 82 . 8  + 34 . 1  106 . 7  
66 d 128 . 9  + 53 . 5  164 . 4  
Adult 165 . 6  + 81 . 1  224 . 1  -

(b) Dig i tal flexor tendon 
0 d 87 . 6  + 24 . 8  99 . 7  
7 d 84 . 5  + 37 . 8  115 . 0  

17 d 68 . 0  + 29 . 9  89 . 7  
66 d 63 . 8  + 34 . 4  100 . 6  
Adul t 73 . 4  + 45 . 3  121 . 6  --

(c) Central tendon of d iaphragm 
0 d 50 . 0  + 12 . 1  55 . 3  
7 d 47 . 4  + 12 . 7  53 . 6  

17 d 59 . 4  + 21 . 6  73 . 4  
66 d 73 . 0  + 27 . 8  90 . 9  
Adult 86 . 6  + 50 . 5  134 . 9  -

So 
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Figure 4. 7 Frequency distributions (left) and mass distributions (right) of 
collagen fibril diameters from various stages of development 1n a guinea pig 
flexor tendon. 
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Figure 4.8 Frequency distributions (left) and mass distributions (right) o! 
collagen fibril diameters from various stages of development in a guinea pig 
extensor tendon. 
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Figure 4 . 9  Frequency distributions (left) and mass distributions (right) o! 
collagen fibril diameters !rom various stages o! development in a guinea pig 
diaphragmatic tendon. 
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The data obtained from this study are l isted in Table 4 . 8  along 

with the data of Parry et al . ,  ( 1980 )  for the 5 day , 8 week and 16 

week forel imb flexor tendons . Three of the d istr ibut ions were 

relatively sharp ( s tandard dev iati ons -s-6 nm) but conta ined two 

populations , and these were also analysed to resolve the i r  consti tuent 

populations . These data are l i sted in Table 4 . 9  along w i th those 

populations from Table 4 . 8  which were seen to be unimooal and sharp 

( s tandard dev iations < 3 . 5  nm) . The forms of the distr ibuti ons of the 

col l agen f ibr i l  d iameters are shown in Figures 4 . 10 - 4 . 11 .  

4 .  3 s:< ins 

A l arge m:rnber of sk in samples from a d iver sity of  animals h:w<: 

been stud i ed . Guinea pig and rat were chosen for study as exa�ples o f  

precocious and al tr icious mammals  which are avai lable for sacr i f ice 

for experiment . Two types of sk in were examined in each of t!1ese 

animals . From the guinea pig ,  samples were taken from the dor sal and 

ventral abdominal sk in and from the pressure-bear ing sk in of tne 

foot-pad , whi lst from the rat , samples were taken of abdominal  sk i n  

and of  the " tens ile-sk in" of the ta i l . Sk in samples from the sh::=e!;) , a 

second precoc ious marrmal , were made avai lable at known stages o f  

foetal development by research colleagues who were sacr i f icing the 

animals for l ipid metabol ism exper iments . This allowed the important 

pre-na tal stage of development of collagen fibr i l s  in a precoc ious 

m�nmal to be stud ied . The second al tr ic ious mammal stud ied was man . 

Forma l i n  f i xed foetal specimens and neonate , mature and senescen� 

specimens from biopsy/autopsy were made available , allowing ��e 

col lagen f ibr il  d ia�e ter d i str ibut i on to be determined at these ages . 

Nor�al adul t  greyhound sk in was taken (b iopsy) as a control for the 



TABLE 4 . 8  

MEAN AND MASS-AVERAGE DIAMETERS OF COLLAGEN FIBRIL DIAMETER 
DISTRIBUTIONS OF FLEXOR TENDONS IN FOETAL TO MATURE RATS 

Mean diam . Age ( 1 )  
( F ,  foetal ) + std .devn . (nm) 

(a )  Hind limb flexor tendon . 
1 8  d F* 

0 d* 
2 d** 
5 d* 

(b) Forel imb flexor tendon . 
1 8  d F* 

0 d* 
2 d** 
5 d ( i ) * * 
5 d ( i i )  
8 w 

16 w 

(c) �chilles tendon 
5 d 

17 . 9  + 1 . 3  
3 1 . 1  + 1 . 5  
34 . 1  + 4 .  9 
34 . 9  + 2 . 0  

24 . 3  + 2 . 2  
30 . 6  + 1 . 6  
32 . 3  + 6 . 1  
26 . 7  + 5 . 6  
44 . 3  + 4 . 9  

125 . 4  + 63 . 5  
132 . 9  + 74 . 8  

47 . 6  + 4 . 4  

( 2 )  
( 2 )  

Mass-average d iam .  
(nm) 

1 8 . 1  
3 1 . 2  
3 5 . 5  
3 5 . 1  

24 . 7  
30 . 7  
34 . 5  
28 . 9  
4 5 . 3  

175 . 2  
204 . 1  

47 . 5  

( 1 )  Des ignations ( i )  and ( i i )  represent d i str ibutions obta ined fran 
d i fferent areas of the same specimen . 

( 2 )  Data from Parry et al . ,  1980 . 

* 

* *  

Sha rp unimodal d istr ibution ; standard dev iat ion <3 . 5nm . 

Bimodal d istr ibution , can be resolved i n to component populati ons 
( see Table 4 .  9 )  
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TABLE 4 . 9  

RESOLUTION OF B IMODAL DISTRIBUTIONS OF COLLAGEN FIBRIL DI&�TERS 
IN RAT TENDONS AND THEIR COMPARISON '1'0 THE SHARP UNIMOOAL 

DISTRIBUTIONS OBSERVED 

Age Mean d iam .  Nominal Fibr i l  % total fibr ils in 
(F,  foetal )  + std . devn . (run) D iam . *  (nrn) ( sub) population -

(a)  Hind l imb flexor tendon 
18 d F 17 . 9  + 1 . 3  16 lOO 

0 d 31 . 1  + 1 . 5  32 lOO 
2 d 28 . 2  + 1 . 5  24 21 

3 5 . 1  + 1 . 5  32 66 
43 . 0  + 1 . 5  40 l3 

5 d 33 . 5  + 2 . 7  32 lOO -

b) Forel imb flexor tendon 
18 d F 24 . 3  + 2 . 2  24 lOO 

0 d 30 . 6  + 1 . 6  32 lOO 
2 d 26 . 4  + 2 . 5  24 3 9  

34 . 1  + 2 . 5  32 41 
40 . 6  + 2 . 5  40 20 

5 d 22 . 9  + 3 . 3  24 55 
32 . 5  + 3 . 3  32 45 -

* Fibr i l  d iameter expressed as mul t iple of 8 nm closest to the: 
observed value . 
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Figure 4. 1 0  Frequency distributions (left) and mass distributions (right) of 
collagen fibril diameters from various stages of development in a rat forelimb 
tlexor tendon. 
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Figure 4. 1 1  Frequency distributions (left) and mass distributions (right) of 
collagen fibril diameters from various stages of development in a rat hindllmb 
tlexor tendon. 
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dysplastic greyhound sk in stud i ed  (Chapter 5)  and ch icken sk in sa�p les 

at birth and adult were taken along with metatarsal tendons necessary 

for the completion of the chicken tendon study .  

Wainwr ight et al . ,  ( 1978 )  have descr ibed the gross · histology of 

shark sk in , showing that it  d i ffers from mammal ian sk in and suggest ing 

that the structure is probably pecul i ar to both the cart i lag inous and 

bony fish ,  and for thi s  reason the sk in of adul t  trout , and la�prey at 

thr ee stages of development (ammocoete , macrophthaL�ia and adult ) , 

were examined in th is present work . A summary of all col lagen fibr i l  

data relat ing to the sk ins stud ied are l i sted in Table 4 . 10 .  

4 . 4  Other Tissues 

Dur ing the course of these stud ies a var iety of tissues have been 

examined other than those al ready out lined in th is and the preced ing 

chapters .  These are the notochord sheath of the lamprey, tadpole 

ski n ,  the central tendon of the d iaphragm and fibrocarti lage of the 

lumbar annulus f ibrosus of the rat ,  bone of a developing forel imb 

pha lanx of the guinea pig , Achi lles tendons of both dog and ox , and 

�1artons j elly from the umbi l ical cord of man . For completeness o f  

inclus i on o f  all resul ts the measurements made from these ti ssues are 

l i sted in Table 4 . 11 along wi th the mean and mass-average d iameters o f  

the i r  consti tuent collagen fibr i l s .  These data will be made use o f  in 

the relevant sections of Chapters 6 to 8 .  



TABLE 4 . 10 

MEAN AND MASS-AVERAGE DIAMETERS OF COU.AGEN FIBRIL DIAMETER 
DISTRIBUTIONS IN SKIN 

Source ( 1 )  

Lamprey 

Trout 

Frog 

Olicken 

Rat 
(ventral
abdomina l)  

Rat 
(dor sal
abdominal)  

Rat 
( ta i l )  

Sheep 

Guinea pig 
( ventral
abdominal) 

Guinea pig 
(dorsal

abdom i nal)  

Age ( 2 )  
( F ,  foe tal)  

Macrophthalmia 
Adul t 
Adul t 1 
Adul t 2 
1 .  2 g tadpole 

0 d 
Adul t 
1 8  d F 

0 d 
2 d 
2 d 
5 d 
5 d 
6 d 
5 w 
8 w 

12 w 
16 w 
20 mo 

2 d 
1 mo 
3 mo 
5 mo 
2 d 
1 mo 
3 mo 
5 rno 
1 y 

60 d F ( i )  
6 0  d F ( i i )  
72 d F 

120 d F 
0 d 

Adult 
0 d 
7 d 

17 d 
66 d 
Adul t 

5 d 
1 1  w 

Mean D i arn .  
+ std .dev n .  (nm) 

44 . 0  + 2 . 0  
51 . 9  + 3 . 4* 
69 . 3  + 43 . 8  

135 . 5  + 66 . 4  
32 . 1  + 2 . 0** 
3 8 . 8  + 2 . 0** 
48 . 4  + 6 . 4  
91 . 8  + 9 . 6  
25 . 8  + 2 . 1* 
3 2 . 0  + 3 . 4* 
33 . 2  + 1 . 3  
39 . 5  + 1 . 8  
31 . 9  + 2 . 2  
38 . 6  + 1 . 8  
43 . 1  + 3 . 4  
95 . 1  + 18 . 4  

112 . 0  + 21 . 1  
105 . 2  + 18 . 7  
124 . 6  + 21 . 1  

92 . 5  + 14 . 7  
30 . 0  + 3 . 8  
59 . 9  + 10 . 8  

117 . 0  + 26 . o  
103 . 1  + 23 . 0  

31 . 0  + 4 . 3  
8 5 . 0  + 28 . 5  

100 . 4  + 22 . 4  
109 . 5  + 49 . 6  
112 . 2  + 51 . 8  

24 . 2  + 1 . 5* 
3 1 . 8  + 2 . 0* 
3 2 . 1  + 2 . 1* 
84 . 1  + 12 . 2  
8 2 . 7  + 15 . 0  
62 . 6  + 9 . 2  
7 5 . 6  + 15 . 5  
8 8 . 7  + 12 . 2  
75 . 3  + 15 . 7  
88 . 5  + 14 . o  
72 . 1  + 9 . 6  
56 . 6  + 10 . 5  

109 . 7  + 14 . 8  

Mass-av . diam .  
(run) 

44 . 2  
52 . 4  

131 . 1  
195 . 0  

50 . 1  
93 . 7  
26 . 1  
32 . 8  
33 . 3  
39 . 7  
32 . 2  
38 . 7  
43 . 6  

101 . 3  
119 . 7  
112 . 0  
131 . 8  

97 . 4  
30 . 9  
63 . 4  

128 . 9  
113 . 9  

32 . 2  
102 . 5  
110 . 5  
153 . 4  

' 154 . 8  
24 . 4  
32 . 1  
32 . 3  
87 . 5  
87 . 6  
72 . 5  
81 . 4  
9 1 . 9  
81 . 7  
92 . 6  
74 . 5  
60 . 3  

113 . 7  

continued nex t  page 
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Table 4 . 10 cont inued 

Guinea pig 
( foot-pad) 

Greyhourrl 
Human 

0 d 
66 d 
Adul t 
Adul t  
1 4  w F 
24 w F 

5 d 
20 y 
70 y 

70 . 5  + 9 . 8  
55 . 3  + 14 . 5  
56 . 5  + 13 . 3  
85 . 8  + 16 . 1  
26 . 5  + 1 .  6* 
56 . 5  + 8 . 3  
67 . 4  + 10 . 0  
91 . 7  + 13 . 3  
76 . 8  + 9 . 6  

7 3 . 1  
6 2 . 0  
6 2 . 9  
9 1 . 6  
2 6 . 7  
5 8 . 6  
70 . 1  
9 5 . 4  
79 . 3  

( 1 )  All sa�ples are of body-sk in unless stated otherwise . 

91 

{ 2 )  Des i gnat ions ( i ) and ( i i )  represent d istr ibutions obta i ned from 
d i f ferent areas of the same specimen . 

* 

**'  

Shar p unimodal d istr ibut i on ;  standard dev iation < 3 . 5nm .  
� 
Resolved into two populati ons and mass-average d iameters were 
not computed . 
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TABLE 4 . 11 

MEAN AND MASS AVERAGE DIAMEI'ERS OF COLLAGEN FIBRIL DIA:.'1ETER DISTRIBUTIONS 
RECORDED FOR SOME MISCELLANEOUS TISSUES . 

Source Tissue Age Mean D iam .  Mass-average 
Diam .  ( n.11) 

Lamprey Notochord sheath Adult 

Tadpole Fin 1 . 2 g 

Rat Diaphragm ( 1 )  0 d 
4 d 

Fibroca r t i lage ( 2 )  s w 

+ std .devn . ( nrn) -

15 . 2  + 1 . 5  -

35 . 7  + 3 . 2  -

40 . 4  + 7 . 4 
3S . 4  + 8 . 0 -

36 . 2  + 21 . 2  -

15 . 5  

36 . 3  

4 3 . 1  
41 . 4  

61 . 2  

Gui nea pig Bone ( 3 )  0 d -so * 
7 d -so * 

Greyh0und Achi lles tendon Adult 156 . 5  + 7 7 . 2  219 . 1  

Ox 

Dog 

Man 

( 1 )  
( 3 )  

* 

Achi lles tendon Adul t 

Sesamoi d  reg ion ( 4 )  Adu l t  
A-reg ion ( 4 )  Adu l t  

Whar tons Jelly 0 d 

-

ll l . S  + 7 4 . 9  -

3 5 . 4  + 1 6 . 1  
109 . 6  + 5 2 . 4  -

3S . 9  + 4 . 9 -

197 . 9  

48 . 4  
15 l . S  

40 . 1  

Central tendon of the d iaphragm; ( 2 )  Annulus f ibrosus ( l umbar ) ; 
Developi ng  forelimb phalan x ;  ( 4 )  Flexor digitorum subl imis tendon . 

Not enough measu rements taken to make the standa rd dev iat ion 
representative of the range of f ibr i l  d iameters or to determine t�e 
form o f  the d istr ibut ion . 

l 
I ' . 

. : 

. ' 

' i ' l  ; ; . ' 
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CHAPTER FIVE 

COLLAGEN F IBRIL ASSEMBLY D ISORDERS 

5 . 1  Introduc t i on 

A large number of hered i table and acqu i red d iseases ei ther ar i se 

from or lead to defects i n  the mechan i sm  of col lagen fibr i l logenes is . 

The l i kely aet iology of some of these d is order s have been rev iewed 

( U i tto and L ichtenste i n ,  1976 ; Mi nor , 19 78 ; Light and Ba i ley , 1979 ; 

Ba i ley and Ether ington , 1980 ; Franc i s  and Duks i n ,  1983 )  and range 

wiaely from c i stron- translat i on in Marfan Syndrome and Ehlers-Danlos 

Syndr ome Type IV ( EDS-IV) , the presence o f  aldehyde blocking agents in 

homocystinur i a , low level s or activ i t i es o f  enzymes such as lysyl 

hydroxylase in EDS-VI and Osteogenes i s  imper fec ta , and lysyl ox idase 

in EDS-V , Menkes Kinky Hai r  Syrrlrome and lathyr ism ,  and unusua l  

metabol ic regulation in the Werner Syndrome and Proger ia . Other 

d isorders i nclude the usually rare and mostly hered i table d i seases 

such as Cu t i s  laxa , scurvy , r ickets , d i abetes , dermatospa ra:< is , 

osteopetros i s  and rheumato id arthr i t i s  ( L ight and Ba i ley, 1979) . 

Al though no morphol og ical changes have been repor ted i n  the col lag �D 

f ib r i ls in some of these d isorders , other s  present a ready d iagnosi s 

through e i ther f ibri llar mal format ions or a changed col lagen fibr i l  

d iameter d is tr ibut ion . 

The most s tud ied of these d isorders i s  possibly the Ehler s-Danlos 

Syndrome ( EDS)  which has seven d i st i nc tive forms , i nvolv i ng d i f ferent 

defects in the metabol ism of col lagen in the sk i n ,  skeletal f ibrous 

t i ssues , gastro- i n test i nal tract , card i ovascular system , placenta and 

eye in man . Three forms of the syrrlrome ( EDS-I , EDS- I I  and EDS-I I I )  
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have an autosomal daninant pattern of i nher i tance , three ( IDS-IV, 

EDS-VI aoo EDS-VI I )  have an autosanal recessive pattern of 

inheritance , whilst EDS-V has an X-l inked mode of inheritance . All of 

these d isorders are now assumed to be due to defects in the metabol ism 

of col lagen and since the primary . function of collagen is to prov ide 

the appropr iate mechanical attributes for the tissue i t  is not 

surpr is i ng that sufferers of th is syndrome present c l inical symptoms 

character i zed by both hyperextens ibi l ity arrl increased fragil ity of 

one or more t issues . 

A most extreme degree of col lagen f ibr i l lar mal format ion is 
...,. 

d isPlayed i n  the hered i table disorder known as dermatosparax is , which 

has been shown to occur in Belg ian and Texan cattle (O ' Hara et al . ,  

1970 ; S imar aoo Betz , 1971) I Norweg i an sheep ( Hel le and Ness ' 1972; 

Fj olstad and Helle , 197 4 )  and a H imalayan cat ( Holbrook et al . ,  1980 ) . 

Us ing e lectron microscopy the f ibrils have been described as twisted 

sheets or ribbons which have a stel late or pinwheel appearance in 

transverse section (O ' Ha ra et al . ,  1 9 7 0 ;  Fj ols tad and Hel le , 1974) . 

I t  has been claimed that the th ickness of such r ibbons and the 

pred��inant four-fold symme try of the f ibr ils may reflect the si ze and 

packing-symmetry of underlying sub-fibr i llar structure ( Fraser et al . ,  

1979a) • 

Dermatosparax is is caused by an abnormally low level (or 

activi ty) of procollagen amino-peptidase in the tissue and a 

subsequent lack of cleavage of the amino-terminal propeptide . The 

pers istence of the terminal peptide g ives r i se to a molecular form 

known as pN-col lagen . The presence of pN-collagen in ti ssues leads to 

a cross- l ink ing defic iency which results in the gross disorgani zation 

of the f ibr i l s .  An hypOthesis proposed by Delvoye et aL , ( 198 3 )  
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would suggest that the activ i ty of the procollagen peptidase has been 

affected ind irectly by a defec t i ve intracel lular process i ng o f  the 

o l igosaccharide s ide-cha in i n  the amino- terminal reg i on o f  the 

procollagen molecule . Other connective ti ssue dysplas i as show 

s imi larly malfonned f i br il s  though usual ly to a lesser ex tent than 

seen for the dermatosparactic tissues . These include human 

emphysematous lung ( Bel ton et al . ,  1977) , " ti ght-sk in" mutant mouse 

dermis ( Menton and Hess , 1980 ) , dermal les i ons of humans suffer ing 

from Buschke-Ollendor f f  syndr ome (Ui tto et al . ,  198 1 )  and the derm is 

o f  man i n  EDS-I (Vogel et al . ,  1979) . 

Other dysplasi a s  o f  connective tissue are charac ter ised by 

d i st r ibutions of col lagen f ib r i l  d iameters whi ch are markedly changed 

from normal . Examples o f  such changed d istr ibut i ons have been shown 

in the cornea o f  man suffer ing from leucoma (Schwar z ,  1957)  , 1n 

corneal stromal dys trophy (Wi tschel et al . , l978 ) , in tendon from a 

horse suf fer ing fran a d isorder known as "contrac ted tendon" ( Parry et 

al . ,  1978b) and in sk in o f  man affl icted with EDS-I , I I , IV and V 

( Black et al . ,  198 0 ;  Holbrook and Byers , 1 9 8 1 ) . 

· The patholog ical ti ssues stud ied m thi s  thes is were sk in ard 

tendon of a dermatosparact ic lamb, the sk in of a g reyhound hav ing a 

dysplastic dermis and the pa lmar fascia from a man aff l icted with 

Dupuytren ' s  contracture . WOund ing responses were stud i ed  in rat sk in 

and the effects of in v ivo intratend inous injection o f  bacterial 

collagenase were exa�ined in the horse . Also stud ied were �,e 

collagen f ibr i l  d iameter d i str ibuti ons o f  the " no rma l "  ( nat ive) 

col lagen fibr i ls from the Cuv ier i an tubules of a sea cucumber . The 

results o f  these stud i es are d i scussed in terms o f  the result ing 

f ibr i llar mal forma t i ons or chang ing fibr i l  d iameter d istr ibut ions . 



5 . 2  F ib r i llar Mal forma t ions 

5 . 2 . 1  Hered itable d i sorders 

In this work sk in samples from a dermatospar ac tic lamb showed 

vary ing degrees of f ib r i l lar mal format i on throughout the derm i s . In 

tho se reg ions where the degree o f  mal format ion o f  the f ibr i l s  was 

least severe the f ibr i l s  sti ll have i rregular out l ines in sect i on and 

nei ghbouri ng f ibr i l s  o ften appear to be fused (Figure 5 . la) . In  these 

reg ions , however ,  an estimate of the range of f ibr i l  d iameters can be 

made ( 20 - 130 nm) ; such a range of d ia�eters is  comparable to L�at 

found in normal newborn lamb sk i n  ( 8 2 . 7  � 15 . 0  nm; Figure 5 . lb) . 

O�er areas of the dermis d isplayed gross fibr i llar d isorgan i zation 

and no estimate of the f ibr il  d iameter could mean i ng fully be made 

( Fi gure 5 . lc) • Forel imb fle xor tendon from a newborn dermatosparactic 

lamb was also stud i ed  by electron microscopy . A general survey of 

th i s  t i ssue showed that ,  for the most par t ,  the col l agen f ibr i l s  \vere 

c i rcular in section and had mean d iameters o f  - so nn .  Th is value is 

s im i lar to that obtai ned previously by Cra ig and Parry ( 198 lb) for 

neonate sheep flexor tendon . However , small reg i ons of tendon can be 

found in which the fibr i l  d iameters were less than normal and w�ere 

many of the f ibr i l s  were i rregular in outl ine ( Figure 5 . 2 ) . 

These observat ions ind icated tha t the structure o f  the col lagen 

f ibr i l s  i n  thi s  tendon were largely normal and that the defects in 

f ibr i l logenes i s  were primar i ly con f i ned to the skin . These results 

con f irm the conclusions o f  cassidy et al . ,  ( 19 8 0 )  der ived from 

b i ochemical and X-ray analyses on these ti ssues . In  par t icular they 

no ted tha t dermatosparac tic sk in conta ined about 7 0 %  pN-collagen , 

whereas in the dermatosparact ic tendon only about 1 5% pN-collagen was 

present . These values parallel , in a qual i tat ive manner , the degree 
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F i g ure 5.1  Electron micrographs of transverse sections of collagen fibr i ls 
from the sk in of newborn lambs . Magn i f ication : 43  000 X. 
( a )  Dermis of a der.natosparactic 1� showing fibr i ls which are i rregular in 

out l i ne and have a wide range of d iameters . 
(b) Dermis of a normal newborn lamb showing collagen fibr i ls which are 

c i rcular in out l i ne (mean diameter 83 nm; mass-average d iameter 88 nm) • 
( c )  Area in the dermis of the dermatosparac t ic lamb d isplaying a gross 

d i sorgani zation of i ts consti tuent col lagen fibr ils . 

Figure 5.2 Electron micrograph of transverse sections of collagen fibr i ls 
from a teooon fran a newborn dennatosparactic larrh . Al though most o f  the 
fibr i l s  in thi s  tissue appeared nor�l , a small number appeared irregular in 
sect i on .  Magn i f ication : 65 000 X .  



of disorganization of the collagen fibrils observed in this electron 

microscope study . 

The second dermal dysplasia investigated was that from a 

g reyhound . The animal ( a  lQ-month- old bitch) presente:l clinical 

symptoms o f  so ft , thi n ,  highly extensible skin which had become 

g rossly scar re:l due to multiple lacerations arising from minor trauma . 

Healing o f  wounds , after suturing , was slow and the scars produced 

were thin and papyraceous . Similar corrli tions in other species are 

known to be inherited and , in canine breeds , an autosomal dominant 

pattern o f  inheritance has been confirmed ( Hegreberg et . al . , 1970) . 

The mode of inheritance , however ,  was not ascertained in the animal 

studied . None of the dog ' s  close relations or litter�mates had skin 

problems arrl although the animal was kept until of breeding age she 

failed to respond to any breeding attempts . 

The extens ibility of the skin had earlier been assessed by Cahill 

et . �1 . ,  ( 1980)  in terms o f  an extensibility index ( Patter son and 

Minor , 1977 ) ; this index is defined as lOO times the ratio of the 

vertical height to which the lumbosacral skin can be li fted , to the 

body length . The body length is measured from the base of the tail to 

the occipital crest . The extensibility index of the skin o f  the 

affected bitch was 18 . 5 ,  a value signi ficantly greater than the mean 

value of 7 . 8  determined from four control animals of silnilar age .  The 

skin fragility was also assessed as a tensile strength measurement 

(Cahill et al . ,  1980) and , at a strain rate of 0 . 7% per seco nd , the 

ultimate tensile strength of the skin of the affected bitch was 1 . 5  

MPa compared to the value of 10 . 6  MPa for a control animal . 
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The collagen fibr ils i n  the deep dermis o f  a control greyhound 

skin (Figure 5 . 3a) were ci rcular in cross- section and had a fai rly 

sharp unimodal d istr ibution of d iameters rang ing from 45 to 170 nm 

(mean d iameter 100 � 24 nm) * .  In contrast , in the af fected animal , 

the collagen f ibr il  diameter ranged between 15 and 130 nm (mean 

d iameter 80 + 22 rm) and were thus -20% smaller than those of the 

control . Generally , the dermal collagen of the affected animal showed 

l i ttle abnonnal ity in collagen fibr il s tructure , although areas deep 

within the dermis could be found where smal l numbers of fibr ils  showed 

fragmentation or assembly de fects ( F igure 5 . 3b) . In the most 

super ficial ( papi llary) layer of the dermis the greatest 

disorganisat ion of fibrils  was seen ; her e ,  i n  many places , the 

fibr i l s were d isor ientated and irregular in cross-section , and when 

seen i n  longi tudinal section appeared to be fragmenting into smaller 

elements (Figure 5 . 3c) . This is in contrast to the find ings of O ' Har a 

et al . ,  ( 1970)  who descr ibed an i ncrease in col lagen fibr il 

disorganisation with increasing depth from the dermal surface in a 

collagenous t issue dysplasia of the cal f . 

Throughout the dermis , and particularly in its more super ficial 

aspec ts ,  there was seen to be an increase in lysosomal ac ti v i ty in the 

fibrocytes . This activity was reflected by the diverse morphology of 

the lysosomal complement as i l lustra ted i n  Figure 5 . 4 .  These 

lysosomes are characteri zed by inclusions which ,  although of unknown 

orig i n ,  may be described as "multi lamellar" ( Figure 5 . 4b) , " f ibr ino id" 
� 

(Figure 5 . 4c) or " electron-dense" ( Figure 5 . 4d) . Such grossly bi zarre 

lysosomal arch i tec ture may well reflect same under lyi ng biochemical 

defect in the degradation of macromolecular components of the matr i x .  

Lysosomal di sorders , known to be inher itej , include the 

* Thi s  f igure d i ffers from that quoted for greyhound sk in in Table 
4 . 10 .  The latter f igure (mean d iam. 85 . 1  + 16 . 1  nm; mass-av . d iam .  
9 2  nm) was obtained from measurements made Tn the mid-dermal reg ion . 

}.i.�.:..:; .: y  l :.; : '; ::.: :�::; ;  l '(. 
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Figure 5 . 3  Electron micrographs of transverse sec t i ons o f  collagen fibr i ls 
from greyhound ski n .  Magn i f ication : 34 000 X .  
( a )  Normal greyhound sk in showing normal d istr ibution o f  collagen fibr i l  

d iameters (mean d iameter lOO nm )  • 
(b) Col l agen f ibr i ls with irregular prof i les ( arr�wed) found deep within the 

dermis in a population o f  f ibr ils wh i ch otherwi se  appears relatively normal 
(mean d iameter 80 nm) • 
(c)  Col lagen fibr i ls from the super ficial ( papillary) layer o f  the dermis 
shciwing many f ibr i ls of bizar re archi tecture . 

- ,  
' 
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(a) 

F igure 5.4 Electron micrographs of fibrocytes , conta i ning abnormal lysosQnal 
inclusions , i n  the super ficial layer of the dysplas t ic greyhound derm i s .  
( a )  SUrvey micrograph . Magn i fication : 12 000 X .  
(b  -d) Deta ils o f  abnormal f ibrocytic lysosomal i nclusions :  (b) lamel lar , (c) 
fibr inoid and {d) "electron dense" . Magn i fica t ion : 38  000 X. 

, .  
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mucopolysacchar idoses and d isorders of glycoprote in metabol ism ( for 

rev iew see Neufeld et al . ,  1975) . The mucopolysaccharidoses adversely 

affec t  metabol ism o f  the sulphated glycosaminoglycans molecules 

which may play an important part in the regulati on of col lagen 

f ib r i llogenes i s  ( see Chapter 8 )  • 

5 . 2 . 2  Naturally occurring malformat ions 

A non-patholog ical but str ik i ng example of collagen fibr i l lar 

mal formation has been shown to occur in the sea cucumber , Holothuria 

forska l i . Holothuria and same other genera of sea cucumbers have 

external appendages of thei r  al imentary tracts , known as Cuv ier ian 

tubules ; such organs cons i st of a secreted fibr i llar prote in system 

in tubular sacs which may be rapidly everted . The an imal can thus 

ej ect a sticky, highly ex tens ible f ibrous network used both in food 

capture and defence against predators (Nichols , 1967 ) . I t  has been 

shown by X-ray d i ffract i on ,  electron microscopy and amino acid 

composi tion (Watson and S i lvester , 1959 ) that co llagen is the major 

protein consti tuent of such tubules . In the native t i ssue , layers of 

collagen fibr i l s  are arranged in mutually rotated layer s remin iscent 

of l iquid crystal s in a · cholester ic 
·

phase (Dlugosz et al . ,  1979) . 

When the tubules are ruptured , the f ibrils are ej ec ted and became 

ax ial ly and irreversibly al igned into a fibre which is highly 

ex tens ible but which has l i ttle tensi le streng th .  Bai ley et al . ,  

( 19 8 2 )  have shown that , al though the ax ial head-to-ta i l  crossl inks 

between col lagen molecules were present in this t i s sue , the "stable " 

cross l inks bind ing molecules together transversely were absent . I t  is 

thus not surpr is ing that the fibr i ls formed are lack i ng in lateral 

s tabi l i ty .  Further , these authors have suggested that th2 
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i rrecoverable ex tens i on of col lagen f ibres from this source could be 

expla i ned by sub f i b r i l lar elements s l i d i ng past one another w i thout 

causing fibr i l  rupture . 

I n  thi s  wor k  transverse sections were taken of Cuv ier ian tubule 

col lagen f i xed and embedded in e i ther the na tive state or a f ter 

extend i ng the tubules by several order s of  magni tude . The f ibr i l s  

from a n  unstretched Cuv i er i an tubule are shown i n  Figu re 5 . 5a .  Most 

have i rregular outl ines but remai n  D-per iod ic in long itud inal sec t i on . 

Fibr i l  "d iameter " was estimated from both long i tudinal and transverse 

section and a value of about 60 - 70 nm was ob tained . I n  the h i ghly 

ex tended ( " stretched" )  mater i a l  the f ibr i l  outl i ne was even more 

irregular ( Figure S . Sb) . However there is no apparent change 1n ��e 

transver se d imens ions of the f ibr i l s  and from long itud inal sect ions it 

can be seen tha t the D-per i od ic structure is s t i l l  present .  

As there i s  l i tt le change i n  f ibr i l  d iameter before and a f ter 

tubule extens i on it would seem unl i kely tha t the sl id ing microfi lament 

model proposed by Bai ley et al . ,  ( 1982) is cor rect in deta i l .  Such a 

model would pred ic t that f ibr i llar elongat ion with concomi tant 

reduction in d iameter would occu r , assum i ng the process to be an 

i sovol umetr ic one . These resul ts rather support the observat ions of 

Gathercole and Keller ( 1975)  that the elonga t i on is accounted for by 

f ibre ( fibr i l  bund le) sl ippage. The results , however , do not 

d i fferentiate between s l id ing fibre or sl id i ng f ibr il  model s .  
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Figure 5 . 5  Electron m icrographs o f  transverse sections of collagen E iar i l s  
f r om  the (a)  unstretched and (b) stretched Cuv ier i an tubules of the sea 
cucumber Ho lothur ia forska l i . Magn i f ication : 66 000 x .  



5 . 3  Changing Fibr i l  D i ameter D i s tr ibuti ons 

5 . 3 . 1  I nduced disorder s 

1 05 

Wound ing prov ides a simple exper imental method whereby connec t i ve 

ti ssue organi zation may be altered local ly.  A study o f  the subsequent 

repai r  mechan i sms may prov ide an ins i ght into both f ibr i llogenes i s  and 

the remodel l i ng processes wh ich are involved i n  scar forma tion .  The 

mechan i sm of wound hea l ing is beyond the scope of thi s  thes is but for 

clar i ty some comments must be made here . Immed i ately after wound ing , 

coagulat i on i s  effected by the interaction o f  enucleate platelets w i th 

thro:nbi n  

migration 

and col lagen . 

i nto the 

Once 

wound 

coagulat i on is complete there is a 

of polymor phonuclear neutroph i l s  

(granulocytes ) and blood monocytes . The latter d i fferentiate into the 

macr ophages which are respons ible for the debr i dement of the wound . 

By the second day f ibrocytes beg in to enter the wound and reach the i r  

max L�um numbers after about seven days , at which time capi llar y 

regenera tion i s  also beg i nn i ng to take place . The f ibrocytes are 

resrons ible for the synthes i s  of coll agen , GAGs and , in ��e later 

stages o f  scar format i on , same elastin (Wi l l iams , 1970) . One of the 

fi rst  products of secret ion of the wound- invad ing fibrocytes 1 s  

hyaluronic acid (Bentle y ,  1 9 69 ; Toole a nd  Gross , 197 1 ;  Mathews , 

1975) . I t  is bel ieved that h i gh level s of thi s  GAG faci l itate the 

migration of cell s and the organization of  the ex tracellu lar 

components .  In the later stages o f  remodell ing the maj or i ty of the 

f ibrocytes and capi llar i es d i sappear . A rev iew on the processes o f  

connective tissue format i on i n  wound repa i r  has been presented by Ross 

( 1980) . 
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In order to study aspects of wound heal ing long itud inal and 

transver se surg ical i nc i s i ons were made by M . H . Fl i nt in the dorsal 

body sk in of three-month-old rats . The inc i s ions descr ibed as 

long i tud inal and transver se were made parall el and perpend icu lar 

respecti vely to both the vertebral column and the Langer ' s  l ines . 

These wounds were left unsutured for two months after wh ich time 

specimens were prepared for electron microscopy and sent to the author 

for further analys is . Collagen f ibr i l  diameter d istr ibu tions were 

t.'1en measured for both of the heal ing wound s and the contro l .  The 

long i tud inal wound , whi ch was coinc ident w i th Langer ' s  l ines ,  had 

healed wel l ; in contrast the transverse wound appeared less mature at � 

a s imi lar t ime . The collagen f ibr i l  diameter d i str ibutions for each 

o f  these specimens ( along with a control ) are shown as both frequency 

and volume plots in Figure 5 . 6 .  

The number d istr ibuti ons for the col lagen f ibr i l s  of the 

specimens taken f rom the transver se and long i tud inal wounds d i f fer 

signi f icantly, not onl y  from one another but most particular ly from 

that of the normal rat dermis (�ean d iameter 1 17 + 26 nm ,  mass-average 

diameter 129 nm at three months ; mean d iameter 103 + 23 n� , 

mass-average d i ameter 114 nm at f i ve months ) .  The transverse wound 

has a r ight-skewed d i str ibut ion (mean d ia�eter 120 + 32 nm ,  

mass-average d iameter 13 9 nm )  which conta ins about 3% o f  large 

d iameter f ibr i l s  that contr ibute sign i f icantly to the total mass . The 

long itud inal wound (mean d iameter 137 � 35 nm ,  mass-average d iameter 

156 nm) also contai ns about 3% of collagen f ibr i l s  whose d i ameters are 

markedly greater than those of any in the control . 
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Figure 5.6 Frequency distributions (left) and mass distributions (right) of 
collagen ftbril diameters from normal rat ventral abdominal skin and from skin 
eight weeks after the heall.ng of "transverse" and "longitudinal" surgical 
incisions (see Section 5.3. 1).  
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I t  has been pointed out by Bentley ( 1980 ) that very l i ttle 1s  

known about the GAGs of healing wounds , ma i nly because i t  is d i f f icul t 

to obtain from a wound a sufficient amount of material for the GAG 

analyses to be undertaken . However , M . H .Flint (private ca.nmun ication) 

has analysed the GAGs in the long itud inal and transverse wound s 

prev iously descr ibed . His conclusions were that the GAG content 

changed sign i f icantly with the age of the wound but was always highly 

elevated rela tive to that of no�al sk i n .  Whil st hyaluron ic acid and 

chondroitin sulpha te reached thei r highest levels at about four weeks 

( long i tud inal)  and about seven weeks ( transver se) after wound i ng  the 

derma�n sulphate content showed the largest proportionate increase of 

any GAG and reached i ts highest level at a later stage of heal ing 

( about ten weeks after wound ing) . 

The concomi tant elevat ion in the proportions of hyaluron ic ac id 

and chondro itin sulphate and the subsequent elevation in the 

proport i on o f  der.natan sulphate in heal ing wounds is cons i stent with 

the presence of large d iameter fibr i ls , and is in accordance w i G, the 

GAG-control mechanism for regulation of fibr i l  diameters descr ibed in 

deta i l  in Chapter 8 .  I t  is al so worth noting that a higher proport ion 

of Type I I I  collagen is usual ly assoc iated with scar ti ssue and tha t 

the degree of the f ibr i l  organi zation is less apparent ( Ba i ley, 1 9 7 5 ;  

Epste in and Munderloh , 1 97 5 )  • These factors are l ikely to inf luence 

the mechan ical proper t ies of the scar . 

A second induced d isorder which is reflected by a changed 

collagen f ibril d iameter d i str ibution has been produced in v i vo by 

biochemical intervent ion . Samples of forel imb superfic i al flexor 

tendons , 24 hour , 1 ,  4 and 8 week ,  10 , ll and 14 month after 

intratend inous inj ecti on of bacter ial collagenase were supplied by 
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I . F . Wi l l iams ( Dept . of Pathology , School of Veter i nary Sciences , 

Un iversi ty of Br isto l ) . The protocol for bacter ial col lagenase 

treatment and the subsequent cl i nical and post-mortem observat i ons are 

deta i led in Append i x  5 .  The controls for these exper linents were taken 

from the contralateral tend ons of the affected animal s and the 

collagen f ibr i l  d iameter d i str ibu t i ons from these tissues were plotted 

as bo th number and volume d istr ibuti ons in Figure 5 . 7 .  The form of 

the d i str ibutions obta i ned from the horse four weeks after bacter ial 

col lagenase treatment is character istic of a young animal ( see Parry 

et al . ,  197 8b) . The frequency and volume d i str ibut i ons of the 

col lagen fibr i l s measured i n  the bacter ial collagenase treated tendons 

are shown i n  Figure 5 . 8 .  The forel lltib flexor o f  a normal horse has a 

col l agen fibr i l  d iameter d istr ibut ion which is both broad and bimodal . 

The two peaks in the d i str ibution have mean d i ameter s o f  about 35 and 

165 nm and conta in about 90 and 10% respectively of the number of 

fibr i l s  in the d i str ibut i on ( see Parry et al . ,  1978b ; Figure 5 . 9a) . 

Wi th i n  a day of col lagenase treatment the sma ll d i ame ter f ibr i l s  had 

completely d isappeared and the largest d iameter fibr i l s  had apparently 

been part ia l ly degraded to f ibr i l s  of i ntenned iate s i ze .  The a f fected 

part of the tendon then conta i ned a unimodal d istr ibut ion of fibr i l  

d iameter s (mean d i ameter 73 . 1  i 10 . 7  nm ,  mass-average d iameter 76 . 7  

nm; Figure 5 . 9b) which , in higher resol ution microg raphs , have been 

resolved i nto a d i screte number o f  populat i ons (Tables 5 . 1 ,  5 . 2 ) each 

with a mean d i ameter 

four and e ight weeks and 

col lagenase treatment 

close to a mul ti ple of -s rrn .  Spec imens from 

also 1 0  and 14 months after bacter i al 

were s im i lar to one another with sharp 

d i str ibut ions of small d i ameter col lagen f ibr ils (mean d iameters - so 

nm ,  standard dev ia tions -7  nm ;  Figure 5 . 9c) though , once again , 

careful measurement of the h ighest qual i ty micrographs revealed 

d istr ibut i ons containing several populati ons of fibr i l  s i ze with means 

close to a mul t iple of -s nm . (Tables 5 . 1 ,  5 . 2) . The f ibr i l s  were of 
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Figure 5. 7 Frequency distributions (left) e.nd mass distributions (right) of 
collagen fibril diameters from the contralateral ftexor tendons of horses whose 
ftexor tendons had been treated W'ith bacterial collagenase. The limes after 
bacterial collagenase treatment are indicated. 

1 1 0 



Hors e tendon - b a cterial collagenase 

0 16 32 -'8  64 80 96 
Diameter (nm) 

24 hour 

4 week 

8 week 

1 0  monlh 

14 month 

' ' .�,t. ' ' ' ' 

0 16  32 -'8 64 80 96 
Diameter (nm) 

Figure 5.8  Frequency distributions (left) and mass distributions (right) o! 
collagen fibril diameters from the super11cial digital fiexor tendons of horses 
at various times after treatment wilh bacterial collagenase. 
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Figure 5.9 Elec.tron micrographs of horse super fic i al f lexor tendon showing 
transverse sect ions of col lagen fibr i l s .  Magnif ication : 65 000 x .  
(a )  Flexor tendon from a normal horse .  The coll agen fibr il d iameter 

d istr ibuti on is markedly b imodal (mean d iameter -60 nm; mass-average d iameter 
- 165 nm ;  see Figure 5 . 7) . 
(b) Flexor tendon 24 hours after treatment with bacter ial collagenase . The 
coll agen f ibr ils now have a nar row range of small d i ameter fibr ils (mean 
d iameter 73 nm; mass-average d i ameter 76 nm; see Figure 5 . 8) . 
(c)  Flexor tendon 4 weeks after treatment with bacteri al col lagena se .  The 
tissue now has collagen f ibr i ls of even smaller d iameters (mean 53 nm; 
mass-average 57  nm) and appear to retain these d iameters u p  to a t  least 14 
months . after treatment ( see Figure 5 . 8) . 
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TABLE 5 . 1  

COLLAGEN FIBRIL DIAMETER DISTRIBUTION DATA FROM HORSE SUPERFIC IAL 
DIGITAL FLEXOR TENDON AFTER TREATMENT WITH BACTERI AL COLLAGENASE 

Exper imental Animal Control Animal 
T ime After Mean D iam . *  Mass-av . Mean D iam .  Mass-av . 
Treatment + std . devn . (nm) D iam . (nm) + std .devn . (nm) Diam . ( r1.'11) - -

2 4  h 73 . 1  + 10 . 7  76 . 7  --- ---
4 w 52 . 9  + 7 . 3  57 . 2  87 . 9  + 4 1 . 4  123 . 3  
8 w 50 . 4  + 6 . 0  51 . 8  49 . 4  + 3 4 . 5  113 . 5  

10 mo 53 . 2  + 7 . 7  55 . 4  56 . 1  + 43 . 1  143 . 9  
14 mo 46 . 7  + 9 . 4  50 . 4  6 7 . 3  + 54 . 2  15 1 . 0  - -

* Can be resolved into sub-pop..1la t i  ons ( see Table 5 .  2 )  
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TABLE 5 . 2  

RESOLUTION OF SUBPOPULATIONS OF COLLAGEN FIBRI LS IN HORSE 
SUPERF ICIAL DIGITAL FLEXOR TENDON TREATED WITH BACTER IAL COLLAGENASE 

T ime After Mean Diarn .  Population 
Treabment + std . devn . (nrn) 

2 4  h 5 5 . 4  + 1 . 6  
62 . 5  + 1 . 6  
70 . 3  + 1 . 6  
79 . 6  + 1 . 6  
88 . 2  + 1 . 6  

4 w 

8 w 

10 mo 

14 mo 

45 . 9  + 2 . 0  
53 . 6  + 2 . 0  
62 . 6  + 2 . 0  

40 . 7  + 1 . 7  
4 6 . 0  + l .  7 
53 . 8  + l .  7 
6 1 . 5  + 1 . 7  

36 . 5  + 2 . 0  
4 5 . 2  + 2 . 0  
54 . 0  + 2 . 0  
6 1 . 7  + 2 . 0  
70 . 7  + 2 . 0  

2 9 . 7  + 2 . 0  
40 . 2  + 2 . 0  
48 . 8  + 2 . 0  
58 . 2  + 2 . 0  
6 6 . 2  + 2 . 0  

Nomina l  Fibr i l  
Dianeter (nrn) * 

56 
64 
72 
80 
88 

48 
56 
64 

40 
48 
56 
64 

40 
48 
56 
64 
72 

32 
40 
48 
56 
64 

% Fibr i ls in 
Population 

6 
26 
35 
15 
1 8  

31 
49 
20 

6 
35  
52 

7 

8 
1 8  
5 2  
17  

5 

8 
3 9  
3 2  
1 4  

7 

* F1br 1l d 1arneter expressed as mul tiple of 8 nrn closest to observed value . 
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significantly smaller diameter than those from the specimen taken 24 

hours after treatment . The samples from the one week and 11 month 

treated tendons had fibr i l  d iameter distr ibutions which were unchanged 

f rom thG controls and it can only be assumed that the small elec tron 

microscope samples d id not come from an area affected by . the bacter ial 

col lagenase inj ections . 

The f ibr i l  diameter distr ibution in tendon 24 hours after injury 

is d ifferent to that in ei ther the contralateral tendon or the tendon 

at a later stage of hea l ing . The most l ikely interpreta tion of the 

observat ions made is that dur ing the 24 hours fol laHing col lagenase 

i n j ection the small diameter collagen fibr i ls (mean di��eter - 3 5  nm) 

were totall y  reduced by proteolytic digestion leav ing only partially 

degraded fibr i ls correspond ing to the large fibr i l s in i t ially present . 

Since these partially degraded f ibr ils have diameters wh ich are 

mul t iples of  - s  nm these resul ts prov ide the f i rst ev idence in support 

of  the idea that fibr il breakdown is quanti zed in the sa�e manner as 

f ibr i l  growth . 

At some stage beyond a day but less than four weeks after 

treatment proteolys is probably leads to the complete d isappearance of 

f ibr i llar col lagen . Beyond thi s  poi nt (and mos t  probably within a few 

days of treatment) the heal ing proceeds wi th the synthes is of new 

col lagen ( includ ing Type I I I )  and thi s , in turn , gives rise to a 

unimodal population of small  to i ntermed iate si ze f ibr ils whose mean 

d iameters are about 50 nm . 

the mean d i ameter o f  

However , u p  to 14 months after treaG�ent 

the col lagen fibr ils does not al ter 

s igni f icantly , suggesting that the repai r  processes are incapable of 

restoring the collagen f ibr i l  d iameter d istribution to that expected 

o f  a tendon of that particular type and age . 
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Recently acqu i red biochemical data ( I . F . Wi l l iams , personal 

comnunica ti on)  has shown that the heal ing tendon conta ins high 

proportions of Type I l l col lagen and reducible crosslinks . This 

ev idence strongly favours the hypothes i s  outl ined 1n which the 

o r ig i nal f ibr i l s  were considered to . have totally broken down and new 

f ibr i ls formed which conta ined elevated levels of Type I I I  collagen . 

Type I I I  conta i n i ng f ib r i ls are i nvar i ably small i n  d iameter i n  other 

connec t i ve t issues ( see this thesi s  and Parry and Crai g ,  1984 ) . The 

reason why the f ibr i l s  fail to atta in a d iameter d i str ibution si�i lar 

to tha t o f  a mature t i ssue 14 months after treatment cannot as yet be 

stated wi th any cer ta i n ty .  However , i t  may be speculated that the GAG 

composi t ion of the mature tissue inh ib i ts fibr i l  growth beyond tha t 

observed . A mechan isn by wh ich f ibr i l  g rowth may be regulated is 

described i n  deta i l  in Chapter 8 ;  th i s  hypothes i s  relates ��G 

compos i t ion to f ibr i l  si ze in a str i ctly sequential scheme o f  

f ibr i l logenes i s . 

5 . 3 . 2  Acqui red d i sorders 

An acqui red connect i ve tissue d i sorder stud ied was Dupuytren ' s  

d i sease . This is a d isorder , common among midd le-aged Caucas ians o f  

nor thern European stock , and i s  character i zed by the prog res s i ve 

f ibros i s  of the cutaneous and subcutaneous ti ssues of the pa� .  Th is 

results in local i zed pa�ar thickeni ngs referred to as nodules . ( see ,  

for example , F l i nt et al . ,  1982) . Such nodules may spontaneously 

regress but more commonly the disease prog resses to extend through L�e 

d i stal palm to produce tendon-l ike f ibrous bands between the nodu les 

and more prox imal parts of the fingers . Late stages of development of 

the d i sease g ive r i se to a progressive f lexual contracture of one or 
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more f ingers and the d isorder is then commonly referred to as 

"Dupuytren ' s  contracture" or " tr i gger-f i nger " . Al though no mechan ic31 

data have been repor ted for Dupuytren ' s  d isease the gross phys ical 

deform i ty resulting from the d isorder clearly ind icates a substantial 

change in the mechanica l  propert ies. of the ti ssue . I t  is there fore of 

considerable i nterest to see i f  th is is reflected i n  the col lagen 

fibr i l  d iameter d istribution and/or GAG content and compos it i on of the 

affected t i ssues . 

Analysi s  of  the glycosam inog lycan contents of nodules and fibrous 

bands from sufferers of Dupuytren ' s  d i sease along wi th analyses o f  

normal J?3. lrnar fascia have been recorded (Fl i nt et al . ,  198 2 )  and thes2 

authors have supplied mater i al for electron m icroscope evalua t i on of 

G�e consti tuent col lagen fibr i l s .  The d istr ibut ions o f  col lagen 

fibr i l  d iameters for Dupuytren ' s  nodules and f ibrous bands and for 

normal J?3.lmar fascia are plotted in Figure 5 . 10 as both number and 

volume d i stribut ions . I t  can be seen that the normal tissue has 

fibr i l s  with a b imodal d istr ibuti on of d iameters w i th populations 

centred about 4 5  and 1 50 nm ,  w i th  the to tal d i str ibut i on hav i ng a 

mass-average d iameter of 140 nm; such a d istr ibut i on is ��a t  

exh ibited by many normal f lexor tendons . Conver sel y ,  the d i seased 

ti ssues lack the larger d i ameter f i br i l s  and the d istr ibut i on reverts 

to that of a more immature or embryon ic t i ssue . The col lagen f ibrils 

in the Dupuytren ' s  tissue have a sharp unimodal d istr ibut ion of 

d iameters centred about 45  nm (mass-average d iameter 47  nm) • 

The molecular speci es o f  col lagen present and the types of 

reducible cross l inks predomina t i ng in Dupuytren ' s  d i sease have been 

stud ied by Ba i ley et al . ,  ( 1977 ) and Ba z in et al . ,  ( 1 98 0 ) . These 

authors have shown that the paLmar aponeuros i s  in normal ti ssue is 
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Figure 5 . 1 0  Frequency distributions (left) and mass distributions (right) of 
collagen fibril diameters from the normal palmar fascia of man and from the 
nodule and contracture of a patient su1i'ering from Dupuytren's disease. 
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composed a lmost exclusively of Type I col l agen , but that bo th affected 

( contracted ) and unaffected areas o f  the aponeuro s i s , along with the 

granulat ion-tissue-l ike nodules , c onta in a s ign if icant p ropo r t i on of 

Type I I I  co llagen . Further , the chang ing proport i on of the reducible 

crossl inks i nd icated that " the nodules were newly formed col lagen , the 

contracture mainly newly synthes i zed co llagen with some mature 

col lagen ; the unaffected aponeuros i s  conta ined ma i nly ma tu re 

collagen , w i th some newly synthes i zed ,  

conta ined ent i rely mature collagen . "  ( Ba z i n  

a nd  the normal aponeurosis 

et al . ,  1980)  . These 

results d i rectly paral lel the electron microscope observations 

previously summar i zed in Chapter 4 where i t  was ind icated b�a t 

immature ti ssues conta in smal l  d iameter f ibr ils and mature t i ssues 

contain large d iameter fibr i l s .  The smal l  d iameter col lagen f ibr i l s 

(mass-average d iameter -45 nm) present in the nojule and contractu re 

a re cons i stent with the presence of newly formed col lagen , a 

s ign ificant proportion of wh ich i s  Type I I I ;  the broad bimodal 

d istr ibution of collagen fibr i ls (mass-average dia�eter - 1 40 n�) 

present in  the normal aponeuros is i s  cons istent wi th the presence o f  

mature Type I coll agen . There i s  a mar ked simi lar ity between these 

observat ions a nd  those obtained f rom the bacter i al collagenase treated 

tendon . In each case the col lagen f ibr i l s have a narrow d istr ibut ion 

of d iameters (mean -45 50 nm) , an e levated content of Type I I I 

col lagen and an increased fraction o f  reducible crossl inks . I t  would 

seem , therefor e , that the bacter i al collagenase treabment system in 

the horse could well prove to be a valuable model for Dupuytren ' s 

contracture in man . 

Another example of an acqu i red d isorder is tha t  known as 

"contracted tendon" . The aetiology o f  this d isorder in the hor se is 
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largely unknown but it  is bel ieved to be associ ated with abnormal bone 

growth rather than any phys iolog ical decrease in the length of the 

tendon ( B . E . Goulden , private communication) . The d isease mani fests 

i tself by the pennanent flexure o f  the metacarpal or metatarsal joints 

which causes the animal to walk on i ts fetlock if  the contracture is 

severe . Prev ious work by the author had shown that the col lagen 

f ib r i l  diameter distr ibution was unimodal in contrast to the bimodal 

d i str ibut ion expected from a tendon of th is type ( Parry et al . ,  

1978b) . However , the total col lagen content of the d iseased and 

normal specimens appeared to be simi lar when ca lculated as the area 

covered by the col lagen f ibr il s  in  transverse section .  In 

long itud inal section , however , it was seen that many fibr i ls were 

ruptured and exhibited D-per iods ( 40 - 90 nm) d i ffer ing signif icantly 

from the commonly accepted value ( - 67 nm) . Further , the tendon seemed 

largely devoid of elastic fibres . 

These results once again demons trate the marked changes that 

occur in the d i str ibution of col lagen f ibril  d iameters when functional 

load ings are changed within ti ssues . These al tered distr ibutions and 

the glycosaminoglycan concentrations and composit ion analysed by F l i nt 

et al . ,  ( 1982 )  will be discussed further in Chapter 8 .  

5 . 4  Conc l us ions 

The observations recorded in thi s  chapter suppor t the hypothes i s  

out l i ned in  01apter 7 that mechanical properties o f  connective tissues 

are d irectly related to the form of the col lagen fibr i l  d i��ete r 

d i str ibut ion in a ti ssue . Fur ther , the structural integr i ty of the 

f ibr i l  must be preserved if the mechan ical properties of a ti ssue are 

to be �a i nta i ned . Al tered mechanical propert ies ,  such as increased 
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frag i l i ty and elastic i ty, together with increased f ibre 

d isorganization , have been qua l i ta tively demonstrated in the sk i ns of 

dermatosparactic an imals ( Lenears et al . ,  1 97 1 ;  Ba i ley and Lap iere , 

1 97 3 )  and in the dysplastic greyhound der.nis (Cah i l l  et al . ,  1980) . 

Both tissues are seen to conta in collagen f ibr ils which are no longer 

ci rcular in sect ion and it may be inferred tha t this ref lects some 

irregular it ies in the molecular pack ing and organisa tion .  Al though 

such "abnormal i ties" in these cases a.re known to . occur through 

hered itary or acqui red pathology it has been shown prev iously that the 

col lagen fibr i ls of ageing ( senescent )  animal s often d i splay simi lar 

abnorma l i t ies ( Parry and Crai g ,  1984 ) . These could be a consequence 

of the chang ing mechan ical propert i es o f  the ti ssue with age 

resulting , for instance , fran the chang i ng ratio of " stable "  to 

reducible cross l i nks (L ight and Bai ley, 197 9 )  or the chang ing ��G and 

water compos i t i on of the matrix ( Parry et al . ,  1982 ; Parry and C r a i g , 

1984 ; see al so Chapter 8 ) . I t  should be emphas i sed ,  however , that 

the strengths of stable and reducible cross l inks are simi lar and 

any change in f ibr i l  morpho logy must be ass oc i ated wi th the lateral 

component of the stable crossl ink between molecules in ax ial reg ister . 

Fur ther , mod i f ica t i on of the GAGs wh ich are thought to be assoc iated 

with the inter fibr i l lar linking of col lagen f i br i ls and thus with the 

tissue ' s ultimate tensi le streng th (Mi l ler , 1 97 6 ;  see also Parry et 

al . ,  1978a) , is clear ly l ikely to be impl icated in mor�1olog ica l 

changes of the fibr i l  structure . 

The example ci ted of irregular pro fi les in collagen fibr i ls of 

the Cuv ier ian tubules of the sea cucumber (an invertebrate) INOu ld 

however appear anomolous in that it  is a naturally occurr ing ti ssue 

which conta ins a highly elevated content o f  GAGs together w i th 
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collagen fibr i l s  lacking the stable (covalent) cross links (Bai ley et 

al . ,  1982 ) . That the fibr i ls in th is  ti ssue lack a uni formity of 

prof i le and have very low tensi le streng th is supportive of the 

hypothes i s  outlined . 

I t  ha s also been shown that surg ical intervention (wound heal ing 

in the rat) , biochemical d isrupt ion (bacter ial col lagenase treatment 

of tendons ) and pa thology leading to immobil isation of tissues 

(Dupuytren ' s  contracture) all give r i se to collagen f ibr il d iameter 

d istr ibutions which d i f fer markedly from the norm . All of these data 

support the hypothes is ( described in Chapter 7) that the mechanical 

propert ies of a connective ti ssue are closely related to the integr ity 

of the collagen f ibr il  and to the ma intenance of the appropr iate 

col lagen fibil d iameter d i stribution . 
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CHAPTER SIX 

INTERPRETATION AND SIGNIFICANCE OF COLLAGEN FIBRIL 

DIAMETER DISTR IBUTION DATA 

6 . 1  Cons iderations of  the Llin itat ions Imposed by Electron Microsco?Y 

Attempt ing to obta in quant i tative electron microscof)2 

measurements from th i n  sections of biolog ical �ater i a l  is fr aught w i s� 

d if ficul ties . Such d if f icul ties i nclude the fai lure of fi xat ion to 

preserve the features of the in v i vo assembly , shr inka9e ard 

d i stortion artefac ts i nduced dur ing preparative procedures , and 

artefacts introduced by sec t ion ing method s .  Other fac tors that �s � 

be cons idered in an assessment of the accuracy o f  data obta i nej 

i nclude section thickness , grain si ze and i ntensi ty of sta i n i �g , 

artefacts caused by i r rad iation of the beam , obj ective lens 

astigmat i &1l ard focus , methods of record ing the informat ion 

photographical ly , the stereograph ic interpretat i on of  the recorded 

two-d imens i ona l image ,  the magni f icat ion of the image and , fina l l y ,  

the methods of measurement from the micrographs . 

That electron microscope fi xat i ves do not always preserve s�e 

structure known to ex i st i n  v i vo has been wel l  documented for a wide 

var iety of b iolog ical tissues . Mod if ications to the dura tion o f  

f i xation and the temperature a t  wh ich it  is carr i ed  out , or to the pH , 

osmolar i ty and buffer content of common fi xat i ves may overcome some of 

these problems ( see , for exa11ple , Hayat , 1970 ; Glauert , 1975;  

Arborgh et al . ,  197 6 )  • D imens i onal changes of specimens duri ng 

preparation for electron microscopy have also been wel l establ ished 

( see , for example , Hayat , 1970 ; Glauert ,  1975 ; Gusnard and 
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K irschner , 1977 ) but references to shr inkage generally refer to an 

i somorphic shr inkage of i sotropic specimens (Boyde and Franc , 1981) • 

However , many of the connective tissues stud ied in th i s  thes is are 

clearly anisotropic . Orientated collagenous tissues in general and 

col lagen fibr i ls in particular are structurally ani sotropic , and there 

seems no good reason to believe that shr inkage in such · systems will 

proceed at the same rate in both lateral and long itud inal d irections . 

I ndeed , the ev idence strongly suggests that when collagen f ibr ils are 

f i xed for electron microscopy they sustain a shr inkage which is much 

greater laterally than long i tudinal ly . Electron microscope 

measurements made from thin-sectioned specimens of collagen fibr i l s  

from 1 7  tendons from the rat a nd  the horse ( Parry and Craig , 1978 ; 

Par ry et al . ,  1978b) had a mean D-per i od  of 67 . 2  + 1 . 8  nm .  This value 

i s  within 1% of that obtai ned from X-ray stud ies (D = 66 . 8  nm ,  Mi ller 

and Parry , 197 3 ; see also Brodsky and Eikenberry, 1982)  and wou ld 

ind icate that processing tissues for electron microscopy produces only 

smal l  long i tud inal shr inkage in collagen fibr i ls . It is  of interest 

to note here that the D-period of col lagen fibr i ls measured for 

dehydrated tendon by X-ray d i ffraction methods is typically about 63 . 5  

�� ( see , for example , Bear , 1 94 2 , 1944 ; Rougv ie and Bear , 1953 ; 

Toml in and Worthington , 1 956 ) , a value -s% less than that of the 

hydrated ti ssue . X-ray d i ff raction stud i es ,  however , suggest that the 

lateral shr inkage o f  collagen fibr i l s  in foeta l and linnature tissues 

processed for electron microscopy could be as high as 3 5% ( see Sec t i on 

6 . 5) . Further , the values for the d iameters of corneal col lagen 

f ibr il s  reported from freeze- fracture studies ( Rugger i  et al . ,  1979 ; 

Klein et al . ,  1981 )  are considerably higher than those reported for 

secti oned epoxy-embedded material ( see Chapter 3) • I f  the former 

values are i ndeed representative of the in vivo s i tuation then lateral 
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shr inkages of the order of 4 5  - 65% must have occurred ( see Sec t ion 

3 .  2) • Conversely these very h igh values could be accounted for , in 

part , by swel l ing of the f ibr i l s  caused by the use of cryoprotectants . 

Fina l ly ,  d irect electron microscope ev idence that fi xation affects the 

diameters of collagen fibr i l s  was P,resented by Parry and Craig ( 1977 )  

who dehydrated arrl embedded bo th f i xed a rrl  unfixed specimens o f  rat 

ta i l  tendon and showed that the mean d iameter of the col lagen fib r i l  

d iameter d istr ibutions was 25 % lower i n  the f i xed specimen . 

When epoxy resin blocks are sectioned for electron m icroscopy the 

act i on of the kni fe causes the section to be sheared from the 

block- face , and those elements wh ich once lay perpend icul ar to the 

face now l ie at some angle other than perpend icular to the plane o f  

the sect ion . Th i s  causes a reduct ion in the length of the l- '  sec c. l 0:1 

relat i ve to that of the block- face and is commonly,  though 

incorrectly , referred to as "compress i on" . Three methods e:nployed for 

the rel ief of th is shear i ng arte fact are (a) the cut t i ng of sec tions 

on solvent-water mixtures ( 5  - 40%  acetone , see Hayat , 1970)  , (b)  the 

exposure of cut sections to high temperatu res w i th the aid o f  a 

"heat-pen" designed for the purpose ( Roberts , 197 0 )  and (c)  the 

exposure to chloroform vapour of sections float ing on the water 

surface (Sotelo , 1957 ; Sat i r  and Peachey , 1958) . I t  was the latter 

method which was used in th i s  work and measurements showed that G�e 

leng th of the sections normal ly r eturn to > 90% of the vertical 

d imens ion of the block face . Th i s  residual "compress ion" is appa rent 

when compar ing measurements of the D-per iod from long i tud inal sect i ons 

of fibr i ls cut perpend icular to thei r  long axes with measurements made 

from long i tud inal sections of f ibr ils cut parallel to the i r  long axes . 

A shor ten ing of the D-per i od  by as much as 10% is  invar iably 
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assoc iated with the latter cond i tions , as can be seen from the early 

work of Parry and Crai g  ( 1977 ) . In  that work the mean D-per i od  o f  

collagen f ibr i l s  from tai l  tendons of five rats was shown to be 60 . 9  + 

1 . 5  nm ,  a value 9% lower than that of all subsequent work (D = 67 . 2  + 

1 . 8  nm) i n  which ax ial regulari ty was only investigated in sections 

cut perpendicular to the long axes of the f ibr i ls . Confirmati on o f  

this observation has also been made by Fl int and Merri lees ( 1977 )  in 

the i r  study of the Tendo-achi lles of the rabbit . Finally, exper i ence 

has shown that highly col lagenous ti ssues from ageing animals are much 

more d i fficult to cut than are the same t issues from younger animals . 

This may ref lec t the increasing ratio o f  "stable" to reducible 

crossl inks in age ing collagen (Allain et al . ,  1978 ; Ligh t and Ba i ley, 

1979 ; Bai ley and Ether ington , 198 0 ) . 

Section thickness can be assessed in a res in of known refrac t i ve 

index by observation of the interference colour when the sect ion is 

viewed in whi te l ight . In thi s  work ,  sect ions were routinely cut 

wh ich were of a pale gold interference colour , a colour associated 

with sect ions -so nm thick . The importance of this value is that it 

i s  large relative to the resolution desi red in the specimen and hence 

relevant to a discussion of the problems assoc iated with the correc t  

stereographic interpretation of the image ( see below) • 

The stains most commonly employed for the positive stain ing of 

thi n  sect ions are salts of uranium and lead . The grain s i ze o f  these 

sta ins being -2 nm (Beer and Zobel , 196 1 ; Crewe , 197 1 ;  Hayat , 197 5 )  

i s  adequate for the medi um  resoluti on stud ies undertaken here , but ea� 

be l imit ing in very high resolution work . More importantly , opt imum 

sta ining of ti ssues must be chosen such that "over-staining" d oes not 

affect image qual ity . Sections from which quanti tative measurements 

. �. . , 
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were taken were p icked up on plas t ic suppor t  f i lms on copper gr ids . 

Such sections , after float ing or immers i ng in sta in solutions , become 

sta ined on the i r  free surface alone a nd  i t  is important that this 

sur face be lowermost in the electron microscope column . Thi s  may be 

achieved by plac ing the grid w i th i ts sta i ned sur face uppermost in the 

specimen holder and by its subsequent rota t i on through 180 ° after 

i nserti on i nto the microscope column . 

Ar tefacts caused by irrad ia t i on o f  the beam can be severe . I f  

beam currents are e�ployed whi ch are excessive ,  volat i l i zat i on of  

substances w i th i n  biolog ical specimens wi ll occur . Under noGnal 

operating cond i t ions , using accelera t i ng vol t3ges -lOO kV and emiss i on 

currents -lo )lA, power dens i t ies of  up to 10 1 2  'll m- 2can be pro j ected 

on to the i rrad i ated portion of the spec i�e� . In attempts to sta in 

speci fic bases i n  water-spread DNA it has been shown tha t uranyl ions , 

when exposed to h igh intens i ty electron bea� ,  can migrate on the 

specimen by d istances much greater than ��e i r  molecular d i a�eter 

(Langmore et al . ,  1974) . These authors emphas ise that the electron 

dosages requi red for clear imag ing o f  atoms are many times more than 

enough to break chemical bords , ard that th is migratory behav iour is 

attr ibutable to the thermal d if fus i on
. 

of atoms which are normally held 

to the i r  s i tes by relatively smal l  b i nd i ng energ i es . Finally,  the 

secondary electron emission resul ting from the interaction of  the bea� 

w i th the suppor t  f i lm and the th i n  sec t i on leads to both becom ing 

highly pos i t ively charged . This can g ive r i se to gross elec trosta tic 

deformat ions o f  these highly plas t i c  mater i als . T� avo id th is 

phenomenon the support f i 1�s were coated w i th a th in layer of  carbon 

( - 5  nm) wh i ch acts as a conductor and prevents any appr ec i able charge 

accumulation (Bradley, 1954 ; Watson , 1955) . 
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I nterpretat ion of high resolution images can only be achieved if 

the obj ective lens astigmatism .is minimised and the degree of focus or 

underfocus of this lens is taken into account � Astigmatism correction 

is routi nely checked by observation of Fresnel fringes about holes in 

formvar f i lms .  By this  method both the cleanl iness o f  the obj ective 

aperture and the general per formance of the electron microscope can be 

assessed . Micrographs of a hole in a support fi L� are i llustrated in 

Figure 6 . 1 . These micrographs , printed at 830 000 X ,  show overfocus 

and underfocus fringes and no detectable astigmatism can be seen . The 

astigmatism  must also be checked with the specimen in place in the 

microscope . Local contamination on the specimen can produce 

electrostatically- induced ast igmatism which can be electromagnetically 

compensated using the objective stigmator controls .  I n  th is  work most 

microg raphs were taken with the obj ective lens -o . s  1 . 0  pm 

underfocus , a value which improves contrast but does not ser iously 

affect the d imens ions of the image relative to the resolution sought . 

6 . 2  Analys is of the Diameter Di str ibutions that are Sharp and Unimodal 

X-ray d i ffraction stud ies of orientated specimens of rat 

tai l-tendon (Mi l ler and Wray, 197 1 ;  Mi ller and Par ry,  197 3 )  revealed 

the presence of Bragg reflections in the equator ial and 

near-equator ial reg ions that could be accounted for by a tetragona l 

unit cel l  of side 7 . 55 nm . Subsequent work showed that un i ts of 

d iameter 3 . 8  nm were simi lar in form to the microfibr i l  structure 

orig inally proposed by Smi th ( 1968)  and could be packed together in 

groups of four such that they were related to one another by a 

4 3  screw-ax is . Same years later Fraser et al . ,  ( 19 79a) pointed out 

that i f  the structu re o f  crystal l i ne col lagen f ibr i l s  is i ndeed based 
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Figure 6 .- 1  Electron micrographs of a snall hole in a Formvar f i lm supported 
on a thin carbon substrate ; (a) and (b) show both over- focused and 
under-focused Fresnel fringes respectivel y .  The fringes show a uni formity of 
profi le about the c ircumference of the hole and thereby ind icate the excel lent 
degree of obj ective lens ast i gnatism correction attainable w i th the 
instruments used in thi s  study. Magn i f ication :  8 30 000 X .  
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upon thi s  lateral (7 . 55 nm) repeating uni t  then the smallest fibr i ls 

observed in foetal tissues would be l ikely to be sing le groups of four 

microfibri ls .  Such a g roup of m icrofibr i ls ,  if they were to appear 

c i rcular i n  cross-sect i on ,  would be expected to have a d iameter of 

about 7 . 55 x 2/� ( -8 . 5  nm) and the d iameter of all  other fibr i ls 

would be multiples of  thi s  value . In other words collagen fibr ils 

would be expected to "grow" in incremental steps o f  - 8 . 5  nm, i . e .  

the i r  diameters would be "quanti zed" . 

I n  general , the wide range of fibr i l  d iameters in mature 

connect ive t issues does not read i ly al low th is postulate to be tested . 

However , in cornea and in foetal connective tissues the collagen 

fibr i l s  have been shown to have extremely unifo rm si zes , the mean 

d iameters of which can be measured with some accuracy . Jackson ( 1956 ) 

measured collagen f ib r i l  d iameters in developing ch ick metatarsal 

tendons and showed them to have d iameters of 8 ,  12 , 17 , 25 , 31 and 40 

nm at 8 ,  11 , 1 1  - 13 , 14 , 16 and 20 days foetal respectively , whi le 

Greenlee and Ross ( 19 6 7) in the i r  study of the rat flexor d ig i tal 

tendon measured fibr i l  d iameters of 16 , 20 25 and 40  nm in 15 - 16 

day foetal , 18 day foetal and neonate animals . Fur ther , the collagen 

f ibr i l  d iameter measurements made by Parry and Crai g  ( see Parry and 

Craig , 1984 for a summary of the data and the orig i nal references) and 

those measurements made here for small  d iameter fibr i ls from corneal 

stromata and embryon ic t i ssues , have strengthened the hypothesis 

formulated that col lagen fibr i ls do indeed increase in diameter by 

about 8 nm increments ( Figure 6 . 2 ,  and see also Parry and Craig , 1979 ; 

Parry et al . ,  1 98 0 ;  Cra ig and Parry , l98 la , 198lb; Parry and Craig , 

l98 lb) • In essence , Parry and Craig (1979)  proposed that all 

connective tissue collagen f ibr ils are cons tructed in a simi lar 
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F i gure 6.2 (a)  Histogram showing the d i str ibution of the mean d iameter s of 
col lagen f ibr ils measured from sharp unUnodal populations ( standard dev iations 
< 3 .  5 rm) . These data represent all those obtained from corneas and from 
foetal/ imma ture tissues . Using a computer program for the deconvolut ion of 
mu� timodal popul3tions these data were resolved ( smooth continuous l ine) into 
four populations with mealls of 17 . 9 ,  25 . 2 ,  32 . 0  and 39 .8  nn .  
(b) Meun f ibr i l  d iameters plotted aga inst the integers representing poss ible 
nl.lllber of "uni ts" travers i nJ  a fibr il d icrneter ( see text for deta ils) . 
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manner ;  that each fibr i l  is bui l t  from - a  nm un its or a per ipheral 

layer of -4 nm un i ts and that each un i t  is compr ised of four of the 

f i ve-stranded microfibr i ls related to each other by a 4 3  (or near 4 3 )  

screw-ax is . 

To ar r ive at thi s  conclusi on these authors used the cr i terion 

that i f  the measured standard dev iati ons of the collagen f ibr il 

d iameter d istr ibution was less than 3 . 5  nm, then the d istr ibut ion 

could be considered as a relatively homogeneous population of col lagen 

f ibr i l s  whose mean d iameter was a good est imate of the diameter o f  the 

maj o r i ty of fibr i l s .  I f  we cons ider the simplest si tuation in wh ich 

there are just two populat ions of col lagen f ibr i l s, the fi rst hav ing a 

mean diameter d ,  standard dev iation � and conta ining a fracti on f of 

the f ibr i ls and the second having a mean d iameter d + Ll ,  the sa�e 

standard dev iation � and conta ining a fracti on ( 1 - f)  of the f ibr ils 

then the observed mean (p) and starrlard dev iation ( s) . of the two 

population d istr ibution are g iven by the expressi ons 

)J = d + ( 1 - f ) .6.  ( 2 1 } 
and 

s = [ cr2 + f ( 1 - t ) Ll2 J 0 . 5 ( 2 � }  

The stand ard dev iation ca lculated for the f ibr i l  d iameter 

d i str ibut ions from specimens containing a single populat ion of fibr ils 

has a typical value -z . s  nm. With this value assigned to � and with 

� as 8 nm, a d i str ibution conta ining 10% of f ibr ils from a neighbour ing 

population (f = 0 . 1) leads to an overall standard dev iation for the 

d i stribution of about 3 . 5  nm . Th i s  results in an overall mean (�) 

d if fer ing from the mean d iameter of the dominant population of fibr i l s 

by 0 . 8  nm . Such a sh i ft would not d isguise the fact that f ibril 

d i��eters l ie close to mul tiples of 8 nm which aff irms that an 



1 33 

analys i s  of d iameters of small collagen fibr ils can reasonably include 

those d istr ibuti ons having values of s < 3 . 5  nm .  

In thi s  work most of the specimens have been prepared for 

electron microscopy using the same preparat i ve techniques ( see Chapter 

2 ) ; thus any percentage decrease in f ibr i l  d iameter ar i sing fro:n 

fixat ion ar tefacts should not obscure the clus tering of the measu red 

f ibr i l  d iameters in discrete g roups prov ided , of  cour se , that 

quanti zation o f  col lagen f ibr i l  diameter does indeed occur .  Al though 

the mean diameter of each clus ter of d iameters . would depend on the 

percentage shr inkage which had occurred , each value should re�a in an 

integral mul tiple of the average separat ion of  the clusters .  

Cyl ind r ical collagen fibr ils which are not cut i n  a truly 

transverse plane appear ell iptical in sect ion , with the degree of 

ell iptic i ty being dependent on both the obl iqui ty of the f ibr i l - in the 

sec t i on and the section thickness . The effects that these var i ables 

have on the observed fibr i l  dimens ions can be apprec iated by a 

consideration of  Figure 6 . 3 . Here d t ib is def ined as the true fibri l 

d ianeter and the angle � as the dev iation o f  the f ibr i l  ax is from the 

normal to the section . The major diameter of the ell ipse produced by 

the obl iqui ty o f  the fibr i l  in the sect ion , and the max imum diameter 

o f  the f ibr i l  observed in the electron microscope are defined as 

d maj and d max respectively . Assuning that the section is uni formly 

stai ned throughout its thickness ( t) , the d i&�eter dmax results from 

the proj ection of the image of the major d iameter of the ellipse 

(d maj ) through the section . 

I t  can thus be seen that 

d m a j  = d f i b  s e c  f/J ( 2 3) 

and 
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Figure 6.3 The d iagram illustrates a col l agen fibr i l  (of d iameter d f'b ) 
which is ti l ted by an ang le of � in a sect ion of thickness t .  The symbol 
d "'aj refer s to the major d iameter of the el l ipse produced by the obl iqu i ty o f  
a cyl indr ical f ibr il seen in section a rrl  d n.cur.  refers to the max imun proj ecte:l 
d iameter observable in the elec tron microsco pe .  
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d ma x = d f i b  s e c r/J + t t a n  rp ( 2 4 )  

For an apprec iat ion of the effects o f  these factors consider a 30 

n:n d iameter f ibr i l  i nclined at 15°, to the normal i n  an 80  nm thick 

section . The increase in the maj or diameter of the el l ipse due to the 

obl iqu i ty of the f ibr i l  w i l l  oe 0 . 93 nm ( 3% )  whi l s t  the increase 

resul ting from sec tion thickness w i l l  be 19 . 4  nm ( 6 5 % ) . Further 

examinat ion shows that for f ibr i ls w i th d iameters in the range 10 -

lOO nm which are ti l ted by angles of up to 20 ° in 8 0  nm b� ick 

sect ions , i t  is the section th ickness rather than the f ibr i l  obl iqu ity 

which makes the maj or contribution to the ell iptic ity o f  the observed 

image . In  th is work obl iqu i ty effects were largely e l iminated by 

either measuri ng onl y  those f i br i ls which were truly ci rcular in 

sect ion or by measur ing only the m inor ax is of the f ibr i l s . For some 

spec imens use was made o f  a rotating gon iometer stage wh ich allowed 

the sect ions to be t i l ted in the microscope unt i l  they were c i rcu lar 

in sec tion . The magnification of the electron microscope was also 

determi ned for each set o f  micrographs taken by reference to a 

cross-grat ing repl i ca , thus reducing any source o f  error 1n th i s  

respect to about 1 2% . For the reasons descr ibed above the 

systematic errors encountered i n  this work are unl ikely to be a major 

factor a f fecting the col lagen f ibr i l  diameter measuremen ts . 

The main source of random error probably l ies in the procedures 

used to measure the collagen f ibr i l  d iameters from the electron 

microg raphs . As there is no sha r ply def i ned "membrane" del inea ting 

the f ibr i l  periphery the spec i f ication o f  the boundary of the col lagen 

fibr i l  becomes a subj ective cho ice . However , the mean d iameters of 

sharp un imodal populations of smal l  diameter col lagen f ibr i l s  measured 

in thi s  thes is and in ear l ier work ( Parry and Cra ig , 1979 ; Parry et 



al . ,  1980 ; Parry and Craig , 198lb) were shown to be reproducible to 

within about 3% . The collagen f ibr i l  d iameters in all of  the tissues 

stud ied were measured by two observers ( the author and DADP) and the 

results o f  those measurements ( shown graphically in Figure 6 . 4 ) 

i nd icate (a)  that the mean collagen f ibr il diameters measured for 

foetal and immature tissues are indeed clustered in g roups separated 

by mult iples of  -a nm and (b) that the second observer (DADP ) 

cons istently makes measurements that are about 1 nm lower than G�e 

corresponding values recorded by the author . 

Asses&�ent of  the boundary of  a collagen fibr i l  wi ll necessar i ly 

d i ffer sl ightly between observers . This wi ll lead to an absolute , 

rather than a percentage , d i fference in mean fibr i l  d iameter . However 

the means of  the groups of f ibr i l  d iameter should still  be separated 

by about a nm even though the recorded values may not be mul tiples of 

-a nm for each observer . Since the dia�eters of  small col lagen 

f ibr i ls quoted in the l iterature are often sign i f icantly d i f ferent 

from multiples of -a nm ,  i t  would seem that great care must be taken 

when compar i ng values quoted by d i f ferent authors .  

The results of th is  thes is pertain ing to small col lagen f ibr ils 

(Figure 6 . 2 ) clearly show that the diameters of these fibr i ls do not 

have a normal d i str ibut ion of s i zes but rather are grouped into 

populations with preferred si zes close to a mul ti ple o f  8 nm . The 

data supporting thi s  statement are shown graphically in Figure 6 . 2a 

which has been constructed by plotting a frequency d istr ibution 

(histogram) of all of the mean d iameters of the sharp uni�odal 

populations of col lagen fibr i l s  measured . Further , this d istr ibution 

has been subj ected to a computer analysi s  for reso lv ing multimodal 

d istr ibutions into d iscrete populations . No constra ints were imposed 
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on the mean d iameters of the resolved populations or on their standard 

deviations . To a f i rst approx Unation the separation o f  the means is 

-a n� and thus the mean d iameters ; determined computationally at 17 . 9 ,  

25 . 2 ,  3 2 . 0  and 39 . 8  nm ,  correspond to about 2 ,  3 ,  4 and 5 of these - s  

nm increments respectively . When these data are plotted ( Figure 6 . 2�) 

the straight l ine graph obtained intercepts the d iameter ax is at 3 . 24 

nm and has a slope of 7 . 28 nm .  The equati on o f  the l i ne is thus g iven 

by the expres s ion : 

d iameter = 7 . 28 m + 3 . 24 

= 3 . 6 4  m '  + 3 . 24 

(m � 0)  

(m'  = 2m) ( 2 5 )  

One interpretat ion of thi s  observation is that each fibr i l  contains a 

"core" o f  d iameter -3 . 2  nm ,  and that fibr i l  growth occurs by the 

per i pheral accretion of 3 . 6  nm ( 7 . 2/2 nm) units that are similar 1n 

s i ze to the tr iclinic uni t  cel l  proposed from X-ray d i ffract ion 

stud ies . Whi lst there is no evidence that such a "core " would b8 

collagenous , it has been noted that i ts d iameter approx imates that o: 

the per ipheral increment just descr ibed . Hence the d iameter of any 

f ibr i l  could be given by the express i on :  

diameter = 3 . 6  (m' + 1 )  

= 3 .  6 (2m + 1 )  

( m '  = 2rn) 

(m � 0 )  ( 2 6 )  

Pr ior to these stud ies it had been suggested that the per ipheral 

accretion of 4 nm uni ts gave r i se to fibr ils  whose d iameters wer·� 

mul t iples of - s nm ( the diameters thus being � mul tiples of -4 nm) . 

However , the new interpretat ion of the data presented here sugges t 

that f ibr i l  growth occurs by the peripheral accretion of 3 . 6  �m u n i ts 

about a core of  similar si ze - the d iameter of the f ibr i l s thus be ing 

an odd mult iple of 3 . 6  nm .  I n  ei ther case the fibr i l s  wi l l  grow by 

increments of about 7 - 8 nm as previously reported . The d i fference , 

however , l ies in the absolute d iameters that the fibr i l s  may attain . 
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I t  is  of interest t o  note here that some electron micrographs of smal l 

d iameter collagen f ibr ils i nd icate that the f ibr ils have an electron 

translucent "core" . This is not observed i n  most preparations but in 

the t issues stud i ed  in thi s  thesis it was most pronounced in the 

developi ng lamprey (macrophthalmia) ski n  ( F i gure 6 . 5) . However , the 

d iameter s of these cores (-7  nm) do not relate well to the 3 . 2  nm 

dia111eter proposed , ne ither are they in agreement with the -2 nm 

Rutheni umr red-pos i t ive cores shown by Nakao a nd  Bashey ( 1972) . 

As will be d iscussed in Section 6 . 5  the incremental value of 7 . 2  

nm i n  dehydrated t i ssues is probably closer to 9 . 5  nm in v i vo .  This 

latter value , obta i ned from X-ray di ffract ion stud ies of na tive 

ti ssues , ind icates that the preparat ive procedures for electron 

microscopy have resul ted in a systemat ic shr inkage of about 15 - 20% ,  

a value commonly encountered in this work for a wide var iety of other 

connect ive t i ssues . 

6 . 3  Analys i s  of Diameter Distr ibut ions that a r e  Heterogeneous 

Some of the d i str ibut ions of collagen fibr i l  d ia�eter measured 

for immature ti ssues from the chick , sheep and rat are clearly 

heterogeneous in form , i . e .  they conta i n  more than a single 

population of f ibr il  sizes .  These d i s tr ibut ions , wh ich were measured 

from the highest qual ity micrographs obta i ned ,  were subj ected to an 

analysi s us ing a computer prog ram for 

decompos i t ion of mixtures of populations . 

non- l inear least-squares 

By thi s  method the val ues 

for the mean d iameters of col lagen fibr ils for each populat i on  w i thin 

the d istr ibut ion could be determined . The values so obta ined , 

together with the percentage of fibr ils in each popul ation, are l i sted 

in Tables 4 . 2 ,  4 . 6  and 4 . 9 .  
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Figure 6 . 5  Electron micrograph of transverse section throi.XJh the collagen 
f i br i l s  from the sk in of the developing lamprey ( Macrophthalmia stage) . 
Microg raph shows uni form d iameter fibr i ls ( -45 nm d iameter) which appear to 
have an electron translucent "core" . Magn if ication : 1 10 000 X.  
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The results show that the mean dia�eter s  of  the f ibr i l s  in each 

populat i on were clustered about mult iples of 8 nm as i ndeed they were 

for the shar p  unimodal populations of col l agen fibr i l s prev ious ly 

d iscussed . I t  was also repor ted 1n Chapter 5 that the bacter ial 

coll agenase treated supe r f ic ial flexor tendon from hor se gave r i se to 

a s imilar heterogeneous popula t i on of f ibr i l  si zes as has been noted 

here with chick , rat and sheep . The f i ve-populat i on d istr ibut ion 

observed for the 18 day foetal ch ick metatarsal tendon has mean f ibr il  

d iameters for each population which do not l ie on mul t i ples of 8 nm ; 

rather they are d i splaced between such mul t iples . The mean separa t i on 

of  these values , however , i s  8 . 4  nm lend ing further support to ��e 

concept of a structural un i t  in collagen w i th a d iameter -8 nm or , 

al ternat i vel y ,  to accret i ons of 4 nm units about the per i phery of a 

f ibr i l .  The col lagen f ibr i l  d iameter d i str ibut i on of th i s  t issue was 

also measured by two other observers (DADP and NPM) and thei r  resul ts ,  

together w i th those of the author , are plotted graph ically for 

compar ison in Figure 6 . 6 .  In each case the d is tr ibut ions wor� 

resolved i nto d iscrete popula tions of f ib r i l s  w i th d iameters separated 

by about 8 nm . 

6 . 4  Analys i s  o f  Broad Distribut ions o f  Collagen Fibr i l  D i ameter 

Collagen f ibr i l  d iameter d istr ibutions which are ne i ther sharp 

( standard dev iati ons < 3 . 5  nm) nor composed solely of sma ll d ia�eter 

f ibr i l s  (max imum d iameter < 80 nm) have been cons i dered as "broad" 

d i str ibutions i n  th i s  thes i s . In these cases the smallest , but not 

the largest f i br i ls may be resolvable into populat ions whose d iameters 

are multiples of 8 nm .  I ndeed th is i s  not unexpected , for to resolve 

the d i f ference between say 24 and 32  nm d iameter f ibr i ls all errors 
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1 8  d ay f o e t a l  C h i c k  m e t a t a r s a l  t e n d o n  

D A D P  
n = 5 4 6  

A S C  
n = 6 0 3  

NPM 
n = 7 09 

0 1 0  2 0  3 0  
C o l l a g en f i b r i l  d i a met er ( nm) 

F igure 6.6 Frequency d istr ibutions ( left) and mass d istr ibutions ( r ight) o f  
col lagen fibr i l  d ia neters in 18  day foetal chick metatarsal tendons as 
measured by three independent observers (DADP , AS:. and NPM) • 
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ar i sing from measurements mus t  be less than hal f  the d i fference 

between the values to be resolved . In this  case the errors must be 

less than about 

uncerta int ies of 

16% , a value 

the experimental 

generally 

method . 

achievable w i th in t� 

However , in order to 

resolve the d i fference between 72 and 80 nm d iameter f ibr ils the 

accuracy of the measurements mus t  sti ll be better than 4 nm i . e .  an 

error of < 5% . This i s  unl ikely to be achieved w i th i n  the 

uncertainties of the experimental method commonly employed by electron 

microscopists . 

6 . 5  Correl ation between Electron Microscope and X-ray Data 

The lateral d imens ions of small col lagen fibr i l s  hav ing a shar p  

unimodal d i str ibution of  d iameters has been measured i nd i rectly i n  a 

hydrated (phys iolog ical )  state by analys is of the low angle X-ray 

d i ffract ion patterns of or ientated specimens . Th is aspect o f  the work 

was undertaken by Drs .  E .F . Eikenberry and B . Brodsky at the Department 

of Biochemistry , Rutgers Med ical School , New Jersey. I n  collaborat ion 

with them , the collagen fibr i l s  of many of the tissues stud ied were 

also d irectly measured in a dehydrated ( non-phys iolog ical )  state us ing 

the electron microscope . The tissues stud ied in this  and other wor k 

include rabbit  and frog corneas ( Sayers et al . ,  198 2 ; I nouye and 

Worthington,  1983a) , lamprey notochord ( Eikenberry et al . ,  1984 ) 

lamprey sk in  (Eikenberry et al . ,  in preparati on) , chick metatarsal 

tendon ( Eikenberry et al . ,  198 2a , 1982b) and rat endoneur ium ( Inouye 

and Wor thing ton , 1983b) . 
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The Fouri er transform of a single cyl inder of rad ius a is  given 

by the express ion J1 ( x ) /x ,  where J1 i s  a first order Bessel function , 

x is  g iven by the express i on 2 �aR and R is the lateral reciprocal 

lattice coord inate measured from the X-ray diffrac tion pattern . The 

posi tions of the max ima and minima �n the low angle transform allow, 

in princ iple , the diameter of the cyl inders to be calculated . In 

pract ice , however , the problem is compl icated by the presence of an 

inter ference function ar ising from the influence of loca l ly ordered 

arrays of fibr i ls . Th is problem has been d iscussed in deta i l  by 

E1kenber ry et al . ,  ( 198 2a , l98 2b) who have shown that the effects of 

fibr i llar inter ference are not sign i ficant at points beyond the first 

max imum in the transform . 

Tak ing account of these l imitat ions it  has sti l l  proven poss ible 

to calculate the d iameters of hyd rated fibr ils with a high degree of 

accuracy and the values obtai ned from these X-ray stud ies along with 

the corresponding electron microscope estimates a re l isted in Table 

6 . 1 .  I t  can be seen that the X-ray values are cons i stently hi gher 

than those obtained using electron microscopy and although there is 

some var iation in the d iscrepanc ies between the cor respond ing values 

i t  i s  clear that the specimens prepared for electron microscopy have 

d iameters which are , on average , only about 80% of those obta ined 

us ing X-ray d i ffract ion techniques . The limited data ava ilable at 

present suggest that the degree of shr inkage var ies with tissue type 

and age .  I n  particular the cons ti tuent col lagen f ibr i l s  of the 

corneal stroma appear to suffer the greatest degree of shr inkage , with 

the values determined by electron microscopy being approx imately 65% 

of those obta ined by X-ray d i ff ract ion . Further , us ing the X-ray 

estimates of d iameter which are more l ikely to correspond to the 



TABLE 6 . 1  

DIAMETERS OF COLLAGEN FIBRILS AS DETERMINED BY ELECTRON MICROSCOPE 
AND X-RAY DIFFRACTION STUD I ES  

Tissue Diameter (nm) EM I X- ray 
X-ray EM ( xlOO % )  

Ox vitreous humour 9 . 3  ( l )  -- --
Lamprey notochord sheath 17 ( 2 )  15 . 0  88 
Ox cornea 37 ( 3 )  27 . 0  73 
Frog endoneur i um  38 ( 4 )  -- -

Frog cornea 38 ( 5 )  23 . 9  63 
Ox cornea 39 ( 5) 27 . 0  69 
Rabb i t  cornea 40 ( 5 )  26 . 2  65 
l3  day foetal G1T* 46 ( 6 )  44 . 9  98 
1 4 ·  day foetal CMT* 48 ( 6 )  39 . 4  82 
Rabb i t  endoneu r i um  50 ( 4 )  -- -

Rat eoooneurium 50 ( 4 )  3 1-47 ( 8 )  62-94 
17  day foetal CMT* 58 ( 6 )  4 1 . 2  71  
Lamprey sk in 67 ( 7 )  5 1 . 9  77 

( 1 )  Gross et al . ,  1955 a ;  ( 2 )  Eikenberry et al . ,  1984 ; ( 3 )  Sayers 
et al . ,  1982;

--
( 4 )  Inouye & Worthington , l 983b;  ( 5 )  Inouye & 

Worthington , l983 a ;  ( 6 )  Eikenberry et a l . ,  198 2a , l982b; 
( 7 )  Eikenberry et al . ,  ( in prepn . )  ; --( 8

-
) -Parry et al . ,  1980 . 

* CMT ,  Chick metatarsal tendon . 



1 46  

values found i n  vivo , i t  can be seen that the collagen fibr i l  

diameters are more consi stent with a quantization of about 9 . S  nm ,  a 

value agai n  reflecting the degree of shr inkage suffered by specimens 

prepared for electron microscopy . 

' 
I n  add ition to their d iameters ,  the separation of the fibr i ls in 

certai n  t i s sues can be measured . I n  part icular , the separations of 

f ibr i l s  in several foetal specimens of chick metatarsal tendon have 

been calculated from the pos ition of the inter ference max imum in the 

low angle X-ray transform . This  can be compared with the value 

determined f rom the rad ial distr ibution function calculated directly 

from the electron micrographs ( see Chapter 2 ;  also Table 4 . 3) . Once 

aga in the two values d i ffer by about 20% and it would therefore appear 

that the specimens prepared for electron microscopy suffer shr inkage 

at both the f ibri llar and interf ibri l l ar levels . 

I t  is  known from quantitative X-ray stud ies ( Fraser et al . ,  1983 ) 

that collagen fibr ils  contain - so% water . As the long i tud inal per iod 

of the col l agen fibr i l  has been shown to be largely unaffec ted by 

dehydration ( shr inkage < S% and usually < 1% ) , it is reasonable to 

assume that the total removal of this  water by electron microscope 

preparative procedures would lead to a collapse of the molecu lar 

latt ice and a reduction of the cross-sectional area of a collagen 

f ibr i l  to -so% of its in vivo value . Such a reducti on would lead to a 

change in d iameter to about 70% of that in vivo ,  i . e .  a shr inkage of 

As the shr inkage observed is of th is order it seems reasonable 

to suppose that procedures employed in electron microscopy have indeed 

removed the water in toto and that the embedd ing med i um  has fai led to 

fi l l  th is niche . It  is not clear whether the effect would be as 

pronounced , or indeed would occur at all , in more mature tissues 
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containing larger d iameter fibr i ls .  

6 . 6  Conclusions 

I t  is clear from the results reported here that many factor s 

affect the confidence w i th which' an electron microscope observa t ion 

may be held . For many coll agenous tissues , especially those from 

foetal and immature tissues which have low proport ions of  the 

so-called "stable cross-l inks " , shrinkage has been shown to be a maj or 

problem when absolute values of collagen f ibril  d iameters are sought . 

The magnitude of thi s  shr inkage may also vary with t issue type and 

age . I t  is  not clear at present whether thi s  problem wi ll al so be 

linportant for mature tissues which conta in large diameter fibr i ls with 

a broad d i stributi on of s i zes . Unfortunately such t i ssues do not lend 

themselves to d i ameter analyses by X-ray d i f f raction methods and so no 

estimates of  shr inkage can be made . I t  may be speculated , however , 

that the higher proportion o f  stable cross- l inks in these mature 

ti ssues may help to i nhibi t  such large dimens ional changes . 

Previous stud ies of cornea , which are summar i sed in Cnapter 3 ,  

have illustrated the divers i ty of d iameters reported by d i f ferent 

worker s .  These var iat ions may be due , in par t ,  to the d ifferent 

procedures used to prepare the specimens and also to the methods used 

to quantitate the data from micrographs . I n  add i tion to the shr inkage 

effects descr ibed here i t  is also of paramount impor tance that 

sufficient measurements be taken to determine the true shape of G�e 

collagen fibr i l  d iameter d i st r ibution . For higher resoluti on s tud ies 

it  is also necessary to measure the diameter distr ibution of f ibr i ls 

from the orig inal micrographs rather than from pos i tive prints where 

unknown d linens ional changes and photographic artefacts will contr ibute 
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to measurement errors . In  th is work the use o f  a b i nocular microscope 

has been shown to be a sat i sfactory method for measuring fibr i l  

d iameters ( <  7 0  nm) d irectly from micrographs . For lower resolution 

work ( f ibr i l  diameters 70 - 550 nm) , measurements made from prints 

prepared to a standard rnagn i f icati?n (65 000 X)  were qui te suff icient 

for the shape of the col l agen fibr i l  d iameter d istr ibution to be 

determined . The comparative stud ies o f  the corneal stroma have 

ind icated that meani ng fu l  cor relations can be achi eved when simi lar 

techn iques of tissue preparati on and micrograph mensuration are 

appl ied to all specimens . Whi lst the absolute values determined are 

clearly sign i f icantly less than those found us i ng X-ray d i ffract ion 

techn i ques , the conclus i on s  of the comparati ve study are sti l l  val id . 

Much of th is work is concerned wi th trends in f ibr i l  d iameters 

and fibr i l  diameter d istr ibutions . Provided that the possible sources 

of error are understood and that the artefacts are s imi lar for all 

sets o f  spec imens the conclus ions ul timately reached w i l l  bear d i rect 

compar i son . Absolute values of lateral dimens ions in col lagen fibr ils 

may ,  however , be underest imations o f  the true values by as much a s  20 

- 30% . 



CHAPTER SEVEN 

THE GROWI'H AND DEVELOPMENT OF CONNECfiVE TISSUES 

AND THE RELATIONSHI P  BETWEEN COLLAGEN F IBRIL 

D I AMETER DISTRIBUTIONS AND MECHANICAL PROPERTI ES  

7 . 1  Introduction 
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As connective tissues have predominantly mechan ical roles it  1s 

of importance to understand how the consti tuent chemical components -

col lagen , GAGs , elastic f ibres , minerals , water - provide the tissue 

with i ts mechanical proper ties . The mechanical roles played by 

connective tissues vary markedly . For instance tendon , a connect i ve 

tissue designed to have a high tens i le strength , has a high col lagen 

content , or ientated fibr i ls and a low GAG content , whi lst cart i lage , a 

connective tissue pr imar ily  designed for i ts abi l i ty to wi ths tand 

compression , has a lower col lagen content , local order ing o f  f ibr i l s  

and a much higher concentration o f  GAGs than does tendon . To a f i rst 

approx imat ion it  may be assumed that the tensi le properties o f  the 

t issue are provided by the collagen f ibr ils  and that the compressive 

proper ties resul t from the hydrated proteoglycans and other components 

of the matr i x . This  concept is necessar i ly an oversimp l i f icat ion 

since evidence has been presented that tendon treated with 

hyaluronidase has reduced tensi le properties (Par tington and Wood , 

1963 ) . Thi s  may be explained i f  the GAGs contr ibute to the mechanical 

properties of  the t issue by l inking the collagen f ibrils  to one 

another (Mi l ler , 1976) . Some par t of the tens i le proper ties of  a 

t issue are thus l ikely to be a ttr ibutable to the components of  the 

matr i x .  
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Other special ized ti ssues , such as the l igamentum nuchae 

(prominent in grazing animals) , �re r ich in elastic fibres and the ir  

mechanical propert ies are therefore greatly influenced by th i s  

component . I ts dominance in the l igamentum nuchae and i ts high levels 

in arter ial walls impl ies that i ts �mportance l ies with its abi l i ty to 

g ive a ti ssue both res i l ience and extens ibil ity . These factors should 

not be confused with elasticity in the phys ical sense . The modulus of 

el astic i ty of elastin has been recorded as -6 x 105 N m - 2  and it is  

known that the elastic modulus of collagen (-8  x 10 7 N m - 2 ) 1s two 

orders of magni tude greater . Collagen is therefore more elas t ic than 

elast i n ,  but less extensible,  breaking at a stra in of about 8 10% 

( R i gby et al . ,  1959) . Elastin shows long-range revers ible 

ex tens ibil ity and does not creep when loaded for extended per iods of 

t ime ; pur i f ied samples of ligamentum 

thei r  resting length (Wa inwright et al . ,  

nuchae break at about tw ice 

1976 ) • Elastic ( "pl iant" ) 

w i th the compos i tes may be considered as a three-phase sys tem , 

coll agen f ibr i l s  and the proteoglycan components arranged in 

w i th the elastic fibres . Because the elast in component 

parallel 

can be 

descr ibed  as a "network polymer in the plateau region of its response 

curve" the strain rate of th is three-phase sys tem wi ll ar i se ma i nly 

from the interactions of the collagen f ibr i ls and the proteog lycan 

components . I f  the v iscous interactions of the latter components w i th 

the mater ial as a whole are not too large then the system will have 

res i l ience propert ies simi lar to those of a pure "prote in rubber" ard 

the composi te will be able to function as an energy-stor ing sys tem for 

relati vely high speed cycl ic processes as is the case in the 

vertebrate arterial wall  (Wainwr ight et al . ,  1976) . Most of the 

connective tissues studied in this work ( sk in and tendon) have high 

col lagen contents and low elastic f ibre contents . I t  i s  therefore a 

" ' II:W 
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reasonable assumption that the tens i le properties of  the tissue are 

predominantly prov ided by the collagen fibr i ls .  I t  i s  on this 

assumption that the results presented in this  chapter have been 

largely based . 

The or i entation of the col lagen fibr i ls w i thin a spec i f ic tissue 

is also of importance . Examples of extreme cases are the 

visco-elastic f luids such as v itreous humour , in which the col lagen 

f ibr ils  are randomly orientated , and tendon , a t i ssue subj ected to 

uni-d irectional load ing , where the coll agen fibr i ls are all str ictly 

aligned wi th their  long axes parallel to the d i recti on of  the appl ied 

load . Further , a cr imp in the f ibre bundles ( D iamant et al . ,  197 2 ;  

Gathercole a nd  Keller , 197 5 ;  Fraser et al . ,  1979a)  i s  present i n  some 

connective tissues ( such as tendon) and acts as a compl iance mechan i sm  

which allows for the rapid in i tial extension of  the ti ssue ( - 3  - 4 % )  

wi thout stretching the consti tuent collagen f ibr il s .  The spat ial 

arrangements of  the col lagen fibr i ls in t issues of  inte�ed iate 

archi tecture such as sk in , carti lage , bone , dent i ne , paratenon , 

arachno id membrane , sclera and tapetum fibrosum have also been 

rev iewed ( Parry and Craig , 1984 )  whi l st the structure of the cornea is 

deta i led in Chap ter 3 .  

The results of  the elec tr on microscope data presented in Chapter 

4 wi ll  be analysed here and correlated wi th the eight conclusions made 

by Parry et al . ,  ( 1978a) who establ ished correlations between the 

collagen fibr i l  diameter d istr ibut ion , the growth and development of 

the t i ssue and i ts mechanical propert i es . One o f  the conclusions made 

was " that col lagen f ibr i l  d iameter d istr ibutions are a function of 

both the appl ied stress and i ts durat ion , that the duration and level 

of stress in a tissue is communicated to the cel ls  which control G�e 
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biosynthesi s  of the g lycosaminoglycans , that these glycosaminoglycans 

determine the u l timate si ze of the collagen fibr i ls ,  and that the 

d i st r ibution of the collagen fibr i l  d iameters may continually change 

in l ine with the mechanical and functional requi rements of the 

connective t i ssue" . Thi s  conclus ion is elaborated in detai l  in 

Chapter 8 ,  whi l st the other seven are cited in turn at the beg inning 

of the secti ons numbered 7 . 2 . 1  to 7 . 2 . 7 .  The data l i sted in Table 7 . 1  

summar i ze the gross forms of the col lagen fibr i l  d iameter 

di stributions ( un imodal or bimoda l) for the foetal , neonatal , mature 

and senescent stages of l i fe in a d iverse range of connective ti ssues 

studied in thi s  and prev ious work ( see Parry and Craig , 1984 ) . 

7 . 2  Correlations between Col lagen Fibr i l  Diameter Distr ibutions 

and T issue Attr ibutes 

7 . 2 . 1  Foetal Development 

"The collagen f ibr i ls from connective tissues at birth and in the 

foetal stage o f  development have unimodal d i stributions of d iameter . "  

Of the 3 4  t issues stud ied 1 n  thi s  thesis 2 2  were taken from 

foetal or per inatal animals . Without exception all of these t issues 

were seen to have unimodal distr ibutions of collagen f ibr i l  d iameter 

( see Table 7 . 1 ) , although the standard dev iations of these 

d istr ibutions vary markedly over the range 1 . 5  - 50 nm (see Section 

7 . 2 . 2  and Table 7 . 2 ) . The ti ssues stud ied i ncluded tendons ,  

l igaments , sk ins , notochord sheath , sclera , heart valve , 

f ibrocartilage , bone and Wharton • s  j elly , from a d iverse group of 

animals includ ing lamprey, trout , chicken , rat , gui nea pig ,  sheep , 

dog , ox and human . The presence of a sharp unimodal distr ibution of 

collagen f ibr i l  d iameters is also found in the corneas in each of the 

•• • •t'l 
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TABLE 7 . 1  

FORM OF THE COLLAGEN FIBR I L  DIAMETER DISTRIBUTION IN  FOETAL TO 
SENESCENT T ISSUES 

T i ssue 

Rat tail-tendon ( 1 , 2 )  

Chick metatarsal tendon 

Horse dig i tal extensor tendon ( 3 )  

Other mammal ian tendons I l igaments 

Sk in ( rat-ta i l  and trout) 

Skin (chick and mammal ian) 

Other tissues : paratenon I sclera 
endoneurium I fibrocarti lage ( 4 , 5) 

Sk in (lamprey) 

Cornea (most vertebrates ) 

Cornea (bony f i sh) 

* MAD = Mass-average d iameter 

Will * (nm) 
at matur ity 

340 

240 

240 

120-210 

130-195 

70-130 

10-70 

50 

25 

17 

Form of d istributi on ** 
F B M S 

u 

u 

u 

u 

u 

{U)  

(U)  

u 

(U) 

u 

u 

u 

u 

u 

(U )  

(U )  

u 

( U )  

B B 

B 

u B 

B B 

B 

u 

u 

u 

u u 

u 

* * F = Foetal , B = Birth , M =  Matu r i ty ,  S = Senescence . 
B = Bimodal (or right skewed) , U = Unimodal , (U) = Presumed unimodal . 

( 1 ) Parry and Cra i g ,  1977 ; ( 2 )  Par r y  and Craig , 1978 ; ( 3 )  Parry et al . ,  
l978b; ( 4 )  Parry et al . ,  1978a ; ( 5 ) Parry et al . ,  1980 . 
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TABLE 7 . 2  

MEAN AND MASS-AVERAGE DIAMETERS OF COLLAGEN FIBRILS IN TENDONS , 
LIGAMENTS AND SKINS IN PERINATAL ANIMALS 

ANIMAL 

RAT 

T i ssue 

Forel imb flexor tendon 
Dorsal abdominal sk in 
Hind l irnb flexor tendon 
Ta i l  sk in 
Ventral abdominal sk in 
Flexor d igi torum longus 
Central tendon of d iaphragm 
Tibial collateral l igament 
Ta i l  tendon 
Achi lles tendon 

�BIT 
Achi l les terrlon 

HUMAN 
Sk in 

CHICKEN 
Sk in 
Metatar sal terrlon 

GUI NEA PIG 
Central tendon of d iaphragm 
Footpad sk in 
Body sk i n  

SHEEP 

Digital ex tensor tendon 
Dig ita l flexor tendon 

Suspensory l igament 
Super ficial d ig ital flexor 
Sk i n  
Common d ig ital ex tensor 

HORSE 
Super fic ial d ig ital flexor 
Common d ig i tal ex tensor 
Suspensory l igament 

Age 

0 d 
2 d 
0 d 
2 d 
0 d 
5 d 
0 d 
5 d 
0 d 
5 d 

0 d 

5 d 

0 d 
0 d 

0 d 
0 d 
0 d 
0 d 
0 d 

120 d F 
120 d F 

0 d 
120 d F 

9 mo F 
9 mo F 
9 mo F 

Mean d iam . 
.:_ std . dev . (nm) 

30 . 6  + 1 . 6  
30 . 0  + 3 . 8  
31 . 1  + 1 . 5  
31 . 0  + 4 . 3  
32 . 0  + 3 . 4  
40 . 6  + 3 . 2  
40 . 4  + 7 . 4  
46 . 6  + 5 . 5  
48 . 5  + 2 . 5  
50 . 6  + 5 . 4  

34 . 6  

67 . 4  + 10 . 0  

48 . 4  + 6 . 4  
45 . 6  + 11 . 6  

50 . 0  + 12 . 1  
70 . 5  + 9 . 8  
75 . 6  + 15 . 5  
72 . 5  + 26 . 3  
87 . 6  + 24 . 8  

69 . 7  + 22 . 1  
74 . 4  + 21 . 1  
8 2 . 7  + 15 . 0  
71 . 2  + 29 . 8  

96 . 0  + 33 . 3  
103 . 1  + 4 5 . 9  
106 . 5  + 4 6 . 9  

Mass-av . 
( nm) 

30 . 7  
30 . 9  
3 1 . 2  
32 . 2  
32 . 8  
4 1 . 0  ( l )  
4 3 . 1  
4 7 . 8  ( l )  
49 . 0  ( 2 ) 
51 . 6  ( l )  

70 . 1  

50 . 1  
50 . 5  

55 . 3  
7 3 . 1  
8 1 . 4  
88 . 9  
99 . 7  

8 2 . 2  
85 . 3  
87 . 6  
9 3 . 4  

( 3 )  

115 . 7  ( 4 )  
137 . 6  ( 4 )  
14 2 . 9  ( 4 )  

( l )  Parry e t  al . ,  1980 ; ( 2 )  Parry and Craig , 1977 ; ( 3 )  I ppo l i to et al . ,  
1980 ; ( 4 )  Parry et al . ,  l978b . 
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seven per inatal animal s  s tud i ed ;  frog , rat , guinea pig , human , 

hippopotamus , and two species of  monkeys ( see Table 3 . 3) . These data 

are all supportive of the suppos i tion as outl ined . 

7 . 2 . 2  Modes of Collagen Fibr i l  Development for Altricious and 

Precocious Animals 

"The form of  the collagen fibr i l  d iameter d istr ibution at birth 

reflects the degree of  development of the animal at th is  s tage of 

l i fe ; the col lagen fibr i l  d iameter d istr ibutions at b i r th are shar p 

for altr icious animals  and broad for precoc ious animals . "  

The relevant data from Tables 4 . 1 ,  4 . 5 ,  4 . 7 ,  4 . 8 ,  4 . 10 and 4 . 11 

are summarized in  Table 7 . 2 .  along w i th other data for t i s sues from 

per inatal rats and horses , previous ly publ ished (Parry et al . ,  1 978b;  

Craig and Parry , l98lb) . The precoc ious animals analysed were ch ick 

( 18 day foetal to birth ;  incuba tion per iod 21 days) , gui nea pig 

(birth) , sheep ( 120 day foetal to bi r th ;  gestation per iod 140 days ) 

and horse ( 9  months foetal ; gestation per i od 11 months) .  Since t�e 

postulate suggests that the collagen f ibril  d iameter d istr ibuti ons 

will  be broad in these animal s  at birth the inclusion of  tissues from 

precocious animals prior to birth i s  also justi f i able i f  the 

d istr ibutions from such tissues are already broad . Simi lar ly G�e 

inclusion of sharp collagen f ibr il  d iameter distributions measured in 

tissues from altr icious animals at some t ime after birth can also be 

just i fied on the assumption that such d i str ibutions must also be sharp 

at birth . 



For all of these distr ibutions the mean collagen f ibr i l  d iameter s  

a nd  the i r  standard dev iations , a nd  the mass-average d iameters of the 

d istr ibutions are l isted i n  Table 7 . 2 .  I t  can be seen that the 

mass-average d iameters o f  the col l agen f ibrils in var ious t i ssues from 

the altr ic i ous mammals ( rat , rabb i t · and man) , lie in the range 25 to 

70 nm .  These d i str ibut ions are all fai rly sharp , havi ng standard 

dev iations of 1 . 5  - 10 nm .  Conversely,  per inatal ti ssues from the 

precocious animal s (ch ick , gui nea pig , sheep and hor se)  have 

mass-average d iameters which are generally larger (50 to L40 nm) and 

d i st r ibut i ons of d iameters wh ich a re broader , the standard dev iations 

o f  the means ly ing between 10 and 47 nm .  

The two newborn ch icken t issues stud i ed  (metatar sal tendon and 

sk i n) conta in collagen fibr i l s  with mass-average d iameters lying in 

the r eg i on of overlap between the altricious-precoc ious clas s i f icat ion 

suggested by the preced ing d iscuss i on ( i . e .  mass-average d iameters 50 

to 70 nm) . However , the smal l  standard dev iations o f  the recorded 

mean d iameters for these two t issues suggest a better f i t  with the 

altr icious rather than w i th the precoc ious classification . Simi larly,  

human sk in at birth has a collagen fibr i l  mass-average d iameter of 70 

nm but also a standard dev iati on of the mean ( -10 nm) be f i tting the 

sharp d istr ibut ions d isplayed by al tr ic ious an imals at birth .  

The three intermed iate values obtai ned for ch icken and human 

t issues are ind ica tive of an uncertai nty which must be placed on such 

an al tricious-precoc ious class i f ication being based on whether the 

animal is capable of walk ing w i thin a few hours of b i rth ( see Par r y  

and Craig , 1978a) . Rather i t  would appear that the mass-average 

d iameter of collagen fibr i l s  from tendon and sk in could be better 

equated to the degree of development of a neonate animal ind icated by 

.. ... , 
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i ts body weight a t  b i r th expressed a s  a percentage o f  the adult body 

we ight . Data support ing thi s  alternat i ve are l isted in Table 7 . 3 .  

7 . 2 . 3  Post-natal Development 

"The mass-average d iameter of  the collagen f ibr i l s  in all t i ssues 

other than corneal stromal lamellae increases f rom b i r th to matu r i ty. " 

Further ver i f icat ion for th is postulate is prov ided by an 

evaluation o f  the data obta ined for var ious tend i nous t i ssues;  ch ick 

meta tar sal tendon ( Table 4 . 1) , rat forel imb f lexor tendon (Table 4 . 8 ) , 

and the ex tensor , flexor and d iaphragrna t ic tendons of  the gui nea pig 

( Table 4 . 7 ) . Further , from an evaluation of the data on sk ins ( Table 

4 . 10 ) , i t  can be seen that human sk i n ,  gu inea pig dorsal abdom i nal 

sk i n ,  rat dor sal and ventral abdomina l  sk ins and ta i l-sk in , and 

ch icken s k i n  are also shown to comply w i th the establ i shed pattern . 

However gu i nea pig ventral abdominal and foot pad sk ins have collagen 

f ibr i l  mass-average d iameters which do not a l ter sign i f icantly between 

b i r th and matur i ty and sheep sk in appear s  to contain collagen fibr i ls 

w i th a max imum-mass average d iameter of - go nrn wh ich occu rs at about 

120 day foetal . The mass-average d iameters of  the two adult sheep 

sk in spec imens stud ied were -65 and - 73 nm respectively ,  both of wh ich 

are less than that found prior to birth . 

I n  summary ,  of  the 14 new t i ssues 

f i br i l  mass-average d iameters which 

examined 11  have col lagen 

i nc rease between bi rth and 

matu r i ty ,  two have unchang ing d i str ibutions throughout the t L�e per iod 

stud ied and one ( sheep sk in) appears anomalous . 



TABLE 7 . 3  

BIRTH-MASS OF ANIMALS EXPRESSED AS PERCENTAGES OF ADULT-MASS 

Approx . Approx . Birth mass Col lagen fibr i l  
Animal Birth mass Adul t mass X 100 % mass-av . d iam .  (nm) 

( kg )  ( kg)  Adult mass (mean per inatal)  

Rat 0 . 00 5  0 . 3  1 . 7  3 8  

Rabb i t 0 . 06 5  3 . 8  1 . 8  38 

Chicken 0 . 04 0  1 . 6  2 . 5  50 

Man 3 70 4 . 3  70 

Sheep 4 75  5 . 3  87 

Gui nea pig 0 . 08 0  1 8 . 0  80 

Horse 4 5  450 10 . 0  132 
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7 . 2 . 4  Form of the Collagen Fibr i l  Dia�eter Distr ibution at 

Matu r i ty 

"Most , arrl possibly all , or ientated type I col lagenous ti ssues 

suffer i ng long-term high-stress levels have a bimodal d istr ibution of 

col lagen fibr i l  d iameters at maturi ty . " 

The forms o f  the collagen f ibr il  d iameter di str ibutions for all 

tissues studied are listed i n  Table 7 . 1 . Thi s  table summari zes all 

data recorded for this  thesi s  and those d istr ibut ions. prev iously 

determined for rat arrl horse t issues (Parry and Cra i g ,  1977 , 1978 ; 

Parry et al . ,  l978a , l978b , 1980 ) . Wi th the exception o f  the horse 

digital extensor terrlon the form of 

distr ibution is  b imodal for all tendons 

the col lagen fibr i l  diameter 

and l igaments s tud ied at 

maturity.  All of the tendons . stud ied from rat , chick , guinea pi g ,  

dog , sheep , hor se arrl ox have both locomotory and postural roles , the 

exception be i ng the central tendon of the d iaphragn which has a 

conti nual ly vary ing load ar i s i ng from i ts respiratory function .  All 

these tissues are considered to suffer long-term high-stress levels 

and their  bimodal d i str ibutions of collagen f ibr i l  d iameter are 

therefore in accordance with the stated postu late . The common dig ital 

extensor tendon from the horse ,  however , endures shor t-term or 

inter:nittent stress (Barnes and Pinder , 197 4 )  and the col lagen fibr i l  

d iameter a t  matu r i ty i s  unimodal ( Parry et al . ,  l 978b) . 

The remaining t issues , f ibrocart i lage , sclera , v itreous humour , 

notochord sheath arrl cornea are all considered low-stress t issues and 

have unimodal populations of collagen fibr i l  d iameters . Sk i ns are 

also generally considered to f i t  into thi s  clas s i f icat ion ( see for 

instance lamprey sk in and rat ski n ;  Figures 7 . la ,  7 . lb a nd  7 . 2 ) . 



Figure 7.1 Electron micrographs of transverse sections of collagen fibr ils 
fran the skins of (a) lamprey , (b) rat , (c) and (d) trout . The two micrographs 
taken from the trout skin are from the stratum �iosum (c) and stratum 
catp1ctum (d) . l'bJni f ication 70 000 X. 
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Figure 7.2 Frequency distributions (left) and mass distributions (right) of 
collagen fibril diameters in skins of lamprey, rat and trout as shown in the 
electron micrographs in Figure 7 . 1 . 



However two exceptions have been found in thi s  work - the skin of the 

bony f i sh ( trout ; Figures 7 . lc ,  7 . ld and 7 . 2) and the sk i n  from the 

ta i l  o f  the rat . I t  has been shown f rom stud ies o f  the sk in o f  the 

shark (Wainwr ight et al . ,  1978)  that the myotome-der ived musculature 

o f  the body is as f i rmly attached to the sk in as it is to the 

under lying skeletal sys tem , and that this is o f  cons iderable 

importance in the locomotory movements of the f i sh . The f i sh sk in 

thus acts as an "exotendon" , s to r i ng arrl transmitting muscular force 

and d i splacement to the tai l  whi l st the f i sh is actively swimm ing . On 

the bas is o f  the hypothesis proposed the presence o f  a bimodal or 

r ight-skewed d istr ibution of collagen fibr i l  diameters in trout sk in 

ind icates that the sk in effectively functions in a tend i nous manner , 

in add ition to its normal function as a boundary between the an imal 

and i ts env i ronment . It is therefore proposed that rat-ta i l  sk in , 

with i ts bimodal population o f  col lagen fibr i l  diameters at matu r i ty ,  

i s  also l ikely to perform same exotend inous functi on and could be 

l ikened to the sk in of the f i sh �  Indeed this idea is not unreasonable 

s i nce the rat uses i ts highly f lex ible prehensi le tai l  for balance 

during a var i ety of locomotory movements . 

Lamprey sk in , al though d i splay i ng a unimodal populat i on of 

collagen fibr i l  diameters typical o f  most ver tebrate sk ins , has 

features which appear unique . Bo th the mean d iameter and the standard 

dev iat ion of the d istr ibutions for lamprey sk in ( 5 1 . 9  + 3 . 4  nm) are 

s i gn i f icantly less than those recorded for other sk i ns stud ied . 

Further the collagen f ibr i l s  are organizBj into lamellae ( Figure 7 . 3 ) 

which resa�le those found in the stroma of the cornea . I t  is 

interest ing to speculate that th i s  "constancy" of fibr i l  d iameter and 

lamel lar organ i zat ion could ind icate a possible photoreceptive role 



Figure 7.3 Electron micrographs showing the lamell ar arrangenent o f  the 
dermal col lagen f ibr i l s  in the Ammocoete stage o f  the developing lamprey . 
( a )  Micrograph shows col lagen la�el l ae traver s i ng the ex tent of the dermis 
from the epi thel i um  ( Ep) to the underlyi ng subdermal cell s  wh ich are r ich in 
pigmented inc l us i ons ( Pg) . Magn i f i cation : 8 000 X. 
(b) Deta ils o f  a r rangement of fibr i l s  in adj acent lamel l ae show ing the 

quas i-orthogona l  arrays . Magni f ication : 28 000 X .  



for lamprey sk i n .  

7 . 2 . 5  Form o f  the Col lagen Fibr i l  Diameter Distr ibut ion at 

Senescence 
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" In all tissues other than cornea and cart i lage , the mean ard 

mass-average diameters of the collagen fibr ils at late matur ity a re 

smaller than at the onset of matud ty . 11 

I n  th is work only two non-corneal t i ssues were examined from very 

old animals ,  namely the sk ins from a 70-year-old man and a 2-year-old 

rat ( see Table 4 . 10 ) . In these cases the mass-average d iameters of 

the const i tuent collagen fibr i l s  decreased from 13 2 nm at maturity to 

97 nm at senescence in the rat and from 9 5  nm at matur i ty to 79 nm at 

senescence in man . The l imited data presented here thus provide 

further support for the postulate . 

7 . 2 . 6  Correlation Between Mass-average Diameter and Ultimate 

Tens i le Strength 

" The ultimate tens i le strengths o f  terdon , ski n  and carti lage are 

pos i t i vely cor related with the mass-average d iameters of the col lagen 

f ibri l s . "  

Rel iable mechanical data for connective tissues are d i fficult to 

obta i n  and the data which have been collected are thought to se r iously 

underestimate , possibly as much as ten- fold , the in vivo functiona l 

strengths of connective ti ssues ( Harkness , 1 9 7 9 ;  Cusack and Mi ller , 

1979 ) . Trends clearly show , however , that the tens i le strengths of 

connective ti ssues increase manyfold between b i r th and maturi ty, but 

tend to decrease a l i ttle at senescence . Such trerds have been 



observed experimental ly by Vogel ( 1974 , 197 8 ,  1 9 79)  who has measured 

the tens i le strength o f  sk in , tendon , bone and aor t ic wall from the 

rat . That such a trend o f  chang ing tensi le strength w i �, age 

parallel s the mass-average d iameter of the col lagen f ibr i l s  in �,e 

t issues can be seen in Figure 7 . 4a ,  where tens i le strengths (Vogel , 

1974 ) and mass-average d iameters of rat sk in (data from this  thesi s ,  

see Table 4 . 10) are plotted as a function o f  age , and in Figure 7 . 4b 

where tensi le strengths (Vogel , 1978 ) and mass-average diameters of  

rat ta il-tendon (Table 8 . 2 ) are s imi larly plotted . Such data clearly 

support the concept that increasing collagen f i br i l  diameter g ives 

r i se to i ncreasing tensi le strengths of tissues . 

7 . 2 . 7  Form of the Diameter Distr ibution and the Mechanical 

Properties of the Tissue 

"The mechanical propert ies of a connect i ve tissue are strongly 

correlated with the collagen f ibr il  d iameter d is t r ibution . "  

This  postulate was based on the idea that the collagen fibr i l  

d iameter distribut i on may be a function o f  two opposing factors . For 

example , if a tissue requi red a high tens i le strength then Lie 

consti tuent collagen f ibr ils  needed to be large in order to max L�i ze 

the densi ty of intrafibr i llar covalent crossl inks ( Parry et al . ,  

l978a , 1980 ) • Alternatively , if  i t  is necessary for a connect ive 

tissue to return to its or iginal shape when in v ivo stresses are 

removed then the collagen f ibr i l  network must have suff ic ient 

inter fibri llar crossl inks to inhibit non-recoverable creep . I t  was 

not considered , however , that these cross l inks need be covalent . 

Electrostatic interactions between the col lagen fibr i ls and the 

glycosaminoglycans or between collagen f ibr i l s  and the " ruthen iun-red 



...... 1 4  al 
a.. 
:E 1 2  
.s::. 
-
� 1 0  
Cll 
.... 

-
t/) 8 
Cll 

t/) 6 
c 
Cll 

Cll 
-
Ill 
E 2 
::::> 0 

1 0 0 

...... 9 0  
Ill 

a. 
:E 8 0  
.s::. 0, 7 0  
c 
Cll ;: 6 0  
t/) 

� so 
t/) 
c 
! 40 
Cll 

-
Ill 3 0  s:: 
3 2 0  

1 0  

0 0 2 

( a )  

!:!t- - - - - - - - - -& r -- - - --- - -' -- -- -EJ I 

4 6 8 

- - - - - - T e n s i l e  s t r e n g t h  
----- M a s s - a v e r a g e  d i a m e t e r  

1 0  1 2  1 4  1 6  2 0  2 2  2 4  
A g e  o f  animal ( m on t h s )  

1 2 0 

1 0 0  

8 0  

4 0  

0 

....... 
E 
c 

..... 
.... 
Cll 
Cll 
E 
Ill 

"0 
Cll 
Cl 
Ill 
.... 
Cll 
> 
Ill 
I 4 0 0  t/) 
t/) 
Ill 
E 
.... 

.c 3 0 0  = 
c 
Cll 
Cl 
Ill 

2 0 0  0 (.) 

1 0 0 

0 

1 66 

F i gure 7 . 4  Graphs of ( a )  tensi le streng th arrl mass-average col lagen f ibr il 
d ia�eter versus age for rat sk in , arrl (b) tensi le streng th arrl mass-average 
collagen fibr i l  d iameter versus age for rat-ta il tendon . 



sta in ing glycoproteins ( Myers et �. ,  1969 , 197 1 ;  Myers ,  197 6 , 198 0)  

were thought to be suff ic i ent to provide the requ i red creep-res istant 

proper ties (Parry et al . ,  1978a , 1 9 8 0 ) . Such i nteractions were 

potentially more numerous i f  the collagen f ibr i l s  were small since 

thei r  surface area per uni t m�ss was increased � Th is can be 

appreci ated from a cons i deration o f  a single collagen fibr i l  of 

d i ameter d1 being divided i nto a number (n) of small col lagen f ibr ils 

each of diameter d 2 •  As the total volume of the col lagen must stay 

constant it follows that n \l' (d 2/2 ) 2 = \l' (d 1 f2) 2 and hence that d 2  = 

d 1 I ( n )0• 5 • The total surface area per uni t  length of the s.11all 

collagen fibri l s  is therefore n 1\d 2 = ( n )0·5  lf d 1  • As 1T d 1  is the 

sur face area of the orig ina l f ibr i l  the surface area per unit leng�� 

of the n small diameter col lagen f ibr ils would be ( n)0 .5 times greater 

than for a single f ibr i l  of the same volume . Consequently the 

i nter face between fibr i ls and matr i x  is greatly enhanced if the 

connec tive tissue has a high proportion of small fibr i l s .  

I t  had been suggested ear l ier ( Parry et al . ,  19 8 0 )  that the 

tens i le strength of a large d iameter collagen f ibr il  is  greater than 

that of one of smaller d i ameter . In tha t analys is i t  was assumed L,at 

the col lagen f ibr ils were constructed from an array of microfibr ils 

and that each microfibr i l  could make a f i xed number of covalent 

l inkages w i th its neighbours . The number of such i nteractions would 

therefore be max imal when the microf ibr i ls were located within an 

i nf i n i te array . However in a f i n i te array , as would occur in col lagen 

f ibr i ls ,  the microfibr i ls 

f ibr i l  were unable to 

compris ing the 

make the full 

per ipheral layer of the 

number of lateral covalent 

cross links . The percentage o f  potential interactions would therefore 

i ncrease from 0% for a f ibr i l  of si ze 4 nm x 4 nm to a value close to 
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100 %  for fibr i ls in excess of  lOO nm d iameter . However , the concept 

o f  a microfibr il  now no longer seems tenable , since recent X-ray 

d iffraction data (Hulmes and Mi ller , 1979 ; Fraser et al � ,  1983)  has 

suggested that collagen molecules are packed on a tr icl inic lattice in 

a quasi-hexagonal manner . The analys i s  presented ear l ier ( Parr y  et 

al . ,  1 98 0 )  i s  equally appl icable , however , to a model for the col lagen 

f ib r i l  in which the i nd i v idual molecules are packed on such a lattice . 

Thus the idea rena ins that tensi le streng th is related to f ibril  

d iameter and i s  a consequence of  the increas ingly significant 

deplet ion of crossl inks around the per iphery of the f ibr il  as i ts 

d iameter decreases . 

The max imum mass-average d iameter of the col lagen fibr i ls in the 

connective tissues s tud ied in this work ,  together wi th other publ i shed 

data , are l isted in Table 7 . 4 .  Thi s  table clearly shows t�1at the 

t i ssues hav ing the greatest tens ile requi rements ( tendons and 

l igaments ) have the largest d iameter collagen f ibr i ls ( mass-average 

d ianeters -150 - 340 nm) . Conversely , those ti ssues with the smal lest 

tens ile loadings ( for example paratenon and vi treous humour) conta in 

only small d iameter col lagen f ibr i ls (mass-average d iameters 

-10 - 50 rrn) . Intermed iate tens i le load i ngs for cartilage , " pass ive 

sk ins "  and "active sk ins" also parallel the the max i:num mass-average 

d iameters of collagen f ibr ils  for these 

50 - 1 30 nm and 130 - 200 nm respectively) . 

tissues ( 20 - 80 nm , 



TABLE 7 . 4  

MAXIMUM MASS-AVERAGE DIAMETER OF COLLAGEN FIBRI LS IN ADULT 
CONNECTIVE TISSUES 

T issue 

TENDONS AND LIGAMENTS 
Rat tai l-tendon 
Chick metatarsal tendon 
Horse common d ig ital extensor tendon 
Guinea pig digi tal extensor tendon 
Rat Achilles tendon 
Dog Ach i l les tendon 
Rabbi t  Flexor d igitorum pro fundus 
Rat d ig i tal flexor tendon 
Ox Ach i l les tendon 
Hor se suspensory l igament 
Horse superfic i al flexor tendon 
Rabbi t  tibial collateral l igament 
Dog superficial dig i tal f lexor tendon 
Guinea Pig d ig i tal flexor tendon 

SKINS ( a : ACTIVE) 
Trout sk in 
Rat tai l-skin  

SKINS (b : ��SIVE) 
Rat ventral abdominal sk in 
Gui nea p ig dorsal abdominal sk i n  
Human sk in  
Chick sk i n  
Gui nea pig ventral abdomina l sk in 
Greyhound skin 
Sheep sk in  
Guinea pig  foot-pad ski n  
Lamprey sk in 

CARTI LAGE 
Human hyal ine carti lage 
Rat f ibrocarti lage 
Rat ear elastic car ti lage 
Rat femoral articular cart i lage 
Rat tracheal hyal ine car t i lage 
Rat knee-joint meniscus cart ilage 

OTHER TISSUE 
Rat tai l-tendon paratenon 
Rat endoneur ium 
Most vertebrate corneas 
Bony f i sh cornea 
Vitreous humour 

Mass-average d ia� . (��) 

340 ( 1) 
240 
24 0 ( 2 )  
224 
214 
213 
204 ( 3 )  
204 
198 
197 ( 2 )  
187 ( 2 )  
1 7 3  ( 4 )  
152 
122 

130-195 * 
155 

132 
120 

96 
94 
93 
92 ( 5) 
88 
73 
52 

66 ( 6 )  
57 ( 4 )  
23 ( 7 )  
8 3  ( 7 )  
32  (7 )  
71  (7 )  

40-50 ( 8 )  
4 8  ( 4 )  
25 
17 
10 

* Values for two d i fferent specimens of trout skin  

(1 )  Parr y  and Craig 1978 ; ( 2 )  Parry et  a l . ,  1978b; ( 3 )  Ippo l i to et  al . ,  
1980 ; ( 4 )  Parry et al . ,  1980 ; ( 5) Cahi lr-et al . ,  1980 ; ( 6 )  Dahmen; T97 3 ;  
( 7 )  Za�rano et al .

-
,
-

1982 ; ( 8 )  Parry et al . ,-r978a . 



O!APTER EIGHT 

THE RELATIONSHI P  BETWEEN GLYCOSAMINOGLYCAN COMPOSI TION 

AND COLLAGEN FIBRIL  DIAMETERS : 

A POSSI BLE MEX:HANISM FOR FIBRILLOGENESI S  

8 . 1  I ntroouct i on 

1 70 

The mechanism of col lagen fibr i llogenes is is  sti ll obscure . I t  

i s  known , however , that intracellular synthes is produces collagen 

molecules that possess both amino- and carboxy-propeptides and that 

these are removed by speci f ic proteases some tilne after the release o f  

the procol lagens into the matr i x  (Fessler and Fessler , 1978 � Miyahara 

et al . ,  1982) . Al though immunofluorescent sta i ning stud ies (Ncwack 

et al . ,  197 6 , Timpl et al . ,  197 7 )  have shown tha t  t."1e 

amino-propeptides are present in the matr i x  it  was cons idered G�a� 

these were no longer attached to the col lagen molecules when 

f ibr i llogenesi s  commenced . Indeed , low levels or act i v i ties of 

amino-propeptidase in sk i n ,  w i th the resul t i ng retent i on of the 

terminal peptide , leads to the mal format ion of col lagen fibr i l s  in the 

d i sease known as dermatosparax is ( see Section 5 . 2 . 1) . More recently, 

however , i t  has been shown that the amino-propeptide probably remains 

attached to the col lagen molecule in  the early s tages of 

f ibr i l logenesi s  ( Fleischmajer et al . ,  198 1 ,  1983 ) but the timing of 

the carboxypept ide cleavage is sti ll uncerta i n . It is  bel ieved , 

however , to precede that of the aminopept ide cleavage (Miyahara et 

al . ,  1982) • 
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That col lagen fibr i ls grow to character i st ic diameters in 

d i f ferent connective t i ssues has been d i scussed at length in Chapters 

3 - 6 .  The ranges of fibr i l  d iameter and forms of f ibr i l  d iameter 

d i str ibutions have been descr ibed for a large number o f  ti ssues ; this 

chapter will concern i tsel f with the poss ible mechanisms of 

extracel lular f ibri llogenes i s ,  and the poss ible mechan isms of control 

which must be man i fest in order to mai nta in such str ingent spectra of 

col lagen f ibr i l  d iameters . The main part o f  th is d i scussion,  however , 

will concern i tsel f with a possible relat ionship between collagen 

f ibr i l  d iameter d i str ibution and the glycosarninoglycan compos i t i on 

from a d i vers i ty of connecti ve ti ssues . Further a fibr i l  d iameter 

regulatory mechanism a fforded by the glycosaminoglycans is postulated . 

The data presented in the fol lowing section ar i se from the or igina l 

electron microscopy conducted for th is thes is and the resul ts of 

ex tens i ve glycosaminog lycan analyses under taken by M . H .  Fl int and 

G . C .  Gi l lard , at the Univers i ty o f  Auckland Med ical School , as part of 

a collaborat i ve research prog ramme .  

Technolog ical considerat ions have l imited thi s  analys i s  to �,e 

glycosaminoglycan compos i ti on and not to the true funct i onal un i t ,  the 

proteoglycan . Proteog lycans are the molecular assembl ies which 

cons i st of sulphated glycosarninoglycans covalently l inked to prote in 

cores . In  some spec i a l i zed connective tissues , such as car t i lage and 

aorta , proteoglycans bind per iod ically to hyaluron ic acid molecules , 

thus generat ing mass ive assembl ies ( - 1  - 5 pm) which determine many of 

the mechanical attr ibutes of the t issue as well as i ts transport 

properties (Mathews and Lozai tyte , 1958 ; Rosenberg et al . ,  1970 ; 

Wellauer et al . ,  1972) . Ev idence has al so been presented by Fessler 
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and Fessler ( 197 8 )  that the ool l agen-proteoglycan interactions are 

stronger than those between the col lagen and the indiv idual GAGs and 

this  may be the reason for thi s  add itional level of aggregat ion . 

However there is no reason to bel ieve that the relative importance of  

any particular GAG , whether part of · a proteoglycan or  a more massive 

assembly involving hyaluronic aci d ,  will be significantly altered by 

the degree of aggregation involved . I t  is a reasonable premi se ,  

therefore , to postulate a model for f ibr illogenesi s  based on GAG 

rather than on proteoglycan data , and it is on this assumpti on that 

the hypothes is  discussed in Section 8 . 2 . 3  is formulated . ·  

8 . 2 .  Do Glycosaminoglycans Med iate Control ? 

8 . 2 . 1 .  Prev ious Concepts 

The earl iest observat ions on glycosaminoglycan-collagen 

interactions were those of Meyer and Smyth ( 1937)  and Meyer et al . ,  

( 19 3 7 )  who showed that chondroi tin sulphate formed insoluble complexes 

with gelat i n .  They attr ibuted the complex format ion to the 

interact ion of the bas ic ami no groups of the gelatin wi th the sulphate 

and carboxyl groups of  the chondro i t i n  sulphate . This  observat ion has 

s ince been conf i rmed using a variety of methods ( s ee ,  for example , 

Mathews , 196 5) , and it is  now cons idered that the reaction is 

prima r i ly that of electrosta t ic binding between the ester sulphate 

groups on the glycosaminoglycans and lysyl and arg inyl res idues of the 

collagen molecule ( Podrazky et al . ,  1971) . These arg inyl and lysyl 

residues in collagen , which account for only about 8% of the total 

amino acid content of  the molecule , are known to be grouped at s i tes 

which have a degree of spatial regular i ty along the length of  the 
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molecule (Doyle et al . ,  l974b, Meek et al . ,  1979) . The d i str ibut ion 

o f  the charged res idues produce about 60 stained bands in segment long 

spac ing (SLS) collagen (Bruns and Gross , 1 97 3 ) , whereas in fibr i llar 

col lagen , where the molecules are in a mod ified " quar ter-staggered" 

array , 12 intraperiod bands have been v isual ised in pos i t i vely sta ined 

t issues . These barrls have been designated �l - e2 ( i . e .  �1 , �2 , �3 , 

�4 , b l ,  b2 , �1 , �2 , �3 , ir �l and �2 ) by Hedge arrl Schmi tt ( 1960) 

after the earl ier notat ion of a f i ve barrl � - � sys tem by Schmitt arrl 

Gross ( 19 4 8 ) . Subsequent work has shown that the pos i t i vely-stain ing 

band ing patterns for both SLS and native col lagen can be 

quant itatively accounted for by the spec i f ic staining o f  the ac idic 

and bas ic res idues of the col lagen molecules (Bruns and Gross , 1 9 7 4 ;  

Doyle e t  al . ,  1974b; Tzaphl idou et al . ,  1982a , 1982b) . 

Electron microscope stud ies have attempted to determine the most 

l ikely proteoglycan b i nd i ng  s i tes on the D-peri od ic col lagen f ibr i l s . 

Smith et al . ,  ( 1967 , 196 9 ) , us i ng b i smuth nitrate sta i n i ng on bov ine 

nasa l car t i lage arrl cornea , claim that proteoglycan br idges between 

col lagen f ibr ils terminate at a po i nt between the a and b barrls ; 

Nakao and Bashey ( 1972 )  us ing Ruthenium-red sta in ing on rabb i t  hear t  

valve claimed a and d barrls to be the s i tes o f  attachnent ; Doyle et 

al . ,  ( 19 7 5 )  interpreted the m icrog raphs of Torp et al . ,  ( 1975) as 

showing ruthenium-red pos i tive mater ial assoc iated w i th the a and d 

ba nd s  in rat tai l  tendon , whi lst Myers ( 197 6)  , us ing ruthenium red 

sta i n ing o f  synovi um  and ear carti lage favoured the a bands as the 

s i tes o f  attachment . Thus histochemical local i zation of 

glycosami noglycans ( str ictly proteoglycans) in collagenous t issues in 

v i vo would appear to favour the a band as the prime contender for the 
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s ite of major electrostatic interaction between collagen arrl 

proteoglycan .  

More recent work however (Scott and Orford , 1981) , us ing rat tai l  

tendon stained with a cation ic phthalocyanin dye , "Cupraneronic Blue" , 

has shown the proteoglycan to be distr ibuted about the collagen 

f ibr ils  in an orthogonal array, the transverse elements of which are 

located almost exclusi vely at the d band 1n the gap reg ion of the 

fibr i l . This  does not agree with the observati ons of Doyle et al . ,  

( 19 7 5 )  and o thers who clai.rn that the � bands arrl the "�-reg i on" of the 

f ibr i l , be i ng the most cationic , would be the most l ikely reg ions for 

the highly anionic sulphated glycosarni noglycans to attach . 

I ntra-molecular and inter-molecular interac t ions , however , are thought 

to account for the neutrali zation v ia sal t  l inkages o f  most of the 

charged mo iet ies in the col lagen molecule and the nett charge at any 

pos i t ion in the f ibril  is probably very sma ll . Further , Scott and 

Orford ( 1 9 8 1 )  claim that their  Cupromeron ic Blue staining ,  based on 

the "cr i t ical electrolyte concentration" method o f  Scott (Scott , 1973 , 

1 98 0 ;  Scott  e t  al . ,  198 1 )  is  conducted at near-neutral pH ,  i s  more 

spec i fic , and by virtue of its much better contrast than tha t of 

ear l ier methods is  able to loca l i ze the glycosarninoglycans 

"unambiguously" with respect to the col lagen band ing pattern . 

Whatever the outcome of  this debate , i t  is clear from electron 

microscope evidence that glycosaminoglycans interact with collagen 

f ibri l s  in v i vo .  I t  i s  not clear , however , what role the col lagen-GAG 

interaction has in determining the mechanical  attr ibutes of a 

connective t issue . That such interact ions may have some regula tory 

control over the extracellular assembly of col lagen fibr i l s  has been 



1 75 

suggested by a var iety of in v i tro exper Unents . Al though the abi l i ty 

to form f ibr i ls i s  an inherent property o f  monomer ic col lagen (Gross 

et al . ,  l 9 5 5b) i t  was suggested by Gross ( 1956)  that 

glycosam inoglycans might affect the organ i zation o f  collagen fibr i ls . 

Kinetic stud ies o f  col lagen f ibr i l logenes is in v i tro (Gross and Kirk,  

19 58 ; Bensusan and Hoyt , 1958 ; Wocx:l and Keech , 1 9 6 0 )  have shown that 

there is a " l ag" or "nucleat ion" phase (dur ing which there is no 

increase in the turbid i ty o f  the collagen solutions ) followed by a 

"growth" phase (with concomitant rapid increase in turbidi ty) . I t  is 

cons idered that these nucleation and growth phases reflect the l inear 

and lateral accretion o f  col l agen molecules respectively dur ing fibr il 

growth ( S i lver et al . ,  1979 ; Si lver and Trelstad , 1979 ; Si lver , 

198 1 ,  1983 ) . Both of these phases are thought to be influenced by ��e 

presence of pro teoglycans or glycosami noglycans ; the latter may 

accelerate or retard fibr i llogenes is and hence affect ultimate fibr i l  

d iameter , depend i ng on which species o f  glycosaminog lycan domina tes 

(Wood 1960 , Keech 196 1 , Obr ink 197 3 ) . I t  has been postulated that the 

durat ion of the lag ( nucleation) phase would d i rectly affect the 

number-dens i ty o f  collagen fibr i ls formed ; large number s o f  small 

d iameter collagen f ibr ils would result i f  the nuclea tion phase was 

long , and small numbers of fibr i ls (which ultimately grow to large 

d iameters)  would form when the nucleation phase was short (Toole and 

Lowther ,  l 9 68 a ,  l968b ;  Toole , 1969 ; Oegema et al . ,  197 5 ) . 
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8 . 2 . 2 .  Observa tions 

The mass-average d iameters of the collagen fibr i ls and the ��G 

contents of skins ( Table 8 . 1) and tendons (Table 8 . 2 ) are l i sted for a 

var iety of  animals at d ifferent stages of development .  The elec tron 

microscope results clearly show trends of f ibr il  growth during early 

development and the tendency for d L�in ishing d iameters at senescence ; 

these data have been independently discussed in Cnapter 6 .  The GAG 

composit ions prov ided were o ften taken at a larger selection o f  ages 

than those sampled for electron microscopy . These are all included in 

the table as , due to the exper imental difficul ty of measuring G\G 

compos i t ion , the trends are often more obscure than are those of  

chang ing col lagen f ibr i l  diameter and the extra values allow ��e 

ex isting da ta to be more c r i tically assessed . 

The quant i ty of  material requi red for GAG analyses makes such 

determinations d i ff icult for foetal tissues of  laboratory animals ,  but 

it is generally cons idered that hyaluronic ac id is the predominant ��G 

in these tissues (Pessac and Defendi 1972 , Mathews 1975) . Hyaluron ic 

acid also predominates in Whar ton ' s  j el ly of the umb i l ical cord 

(Fessler , 196 0 ) , in paratenon ( Reid and Flint , 197 4 ) , synovi al fluid 

(Camper and Laurent , 1978 ) and the v itreous humour (Gross et al . ,  

1955a ; Camper and Laurent , 1978 ; Swann et al . ,  198 1 )  in adult 

animals .  These h ighly hydrated connective t issues al1 have snall 

diameter collagen fibr i l s ;  -8  - lOnm i n  vitreous humour and synovial 

fluid and -40 - 50 nm in Wharton ' s  j elly and paratenon ( see preced ing 

re ferences ) • The high values of hy.::1lut:onic ac id reco rdai at the 

ear l iest stages o f  t issue deve lopment e . g .  -70 - 80% i n  embryon ic hog 

sk i n  (Loewi and Meyer , 1958 ) have been substant ia ted in thi s  work with 
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TABLE 8 . 1  

GLYCOSAMINOGLYCAN CONTENT AND MASS-AVERAGE COLLAGEN FIBRIL DIAMETER 
IN SKIN AS A FUNCTION OF AGE 

ANIMAL Age Mass-av . Total GAG % of total GAGS * 
Tissue d iam . (run) (% of dry wt . )  os CS HA 

RAT 
Dorsal sk in l d 0 . 297 19 . 5  20 60 . 5  

-2 d 30 . 9  0 . 330 17 . 5  17 65 . 5  
5 d 0 . 681 9 3 1 . 5  59 . 5  
8 d 0 . 4 08 18 . 5  36 45 . 5  

1 5  d 0 . 474 16 . 5  33 50 . 5  
4 w 63 . 4  0 . 493 26 . 5  36 . 5  37 

10 w 0 . 353 46 26 28 
3 mo 128 . 9  0 . 426 . 4 3  26 . 5  30 . 5  

3 . 5  mo 0 . 353 48  20  32  
4 mo 0 . 400 39 30 31 
5 mo 153 . 4  

-12 mo 0 . 23 3  4 6  3 2  2 2  

Ventral sk in 5 d 38 . 7  0 . 678 17 3 4 . 5  48 . 5  
8 d 0 . 534 16 3 5  49 

15 d 0 . 577 2 3  3 3 . 5  43 . 5  
- 4  w 101 . 3  0 . 44 7  2 1  3 8  4 1  
10 w 0 . 437 24 3 1 . 5  44 . 5  

3 mo  112 . 0  0 . 397 2 7  33 40 
3 . 5  mo 0 . 359 33 17 so 

4 mo 0 . 427 29 24 47 

Tai l  sk i n  - 3  d 32 . 2  0 . 633 14 42 44 
8 d 0 . 514 17 43 40 

15 d 0 . 490 36 . 5  38  25 . 5  
l mo  102 . 5  0 . 621 33 32 35  
2 mo 0 . 427 42 36 22 

10 w 0 . 427 4 3 . 5  34 22 . 5  
- 3 . 5  mo 110 . 5  0 . 389 63 . 5  14 22 . 5  

5 mo 153 . 4  
1 y 154 . 8  63  

GU INEA PIG 
Dorsal sk in -4 d 60 . 3  0 . 294 37 32 31 

1 w 0 . 286 28 4 5  27 
2 w 0 . 358 32 33 35 
3 w 0 . 250 38 39 33 
3 mo  113 . 7  . 36 . 5  26 37 . 5  
6 mo 0 . 270 4 1  26 33 

18  mo 0 . 220 48 26 26 

Continued nex t page . 
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Table 8 . 1  continued . 

GUINEA PIG 
Ventral sk in -2 d 8 1 . 4  0 . 48 1  16 4 3  4 1  

l w 91 . 9  0 . 274 35 29 36 
-2 w 8 1 . 7  

2 mo 9 2 . 6  0 . 350 31 28 4 1  
18 mo 74 . 5 · 0 . 252  31 . 5  27 41 . 5  

Footpad sk in -2 d 73 . 1  0 . 465  27 34 29  
l w 0 . 364 28 36  36 
3 w 0 . 265  35 30 35  
2 mo 62 . 0  
6 mo 0 . 349 38 19 4 3  

18 mo 62 . 9  0 . 340 40 . 5  19  40 . 5  
HUMA!.'J 

· Al:rlominal sk i n  14 w F 26 . 7  0 . 843  21  14  65 
24 w F 58 . 6  

0-6 mo 70 . 1  0 . 698 56 10 34 
5 y 43 8 49 

-20 y 9 5 . 4  0 . 350 48 3 49  
70  y 79 . 3  46 8 46 

* DS = Dermatan sulphate ; CS = Chondroi t i n  sulphate;  HA = Hyaluronic ac id 

The GAG analyses reported here were all performed by Drs . M. H .F l i nt and 
G . C.Gillard (Auckland Medical School)  • 
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TABLE 8 . 2  

GLYCOSAMINOGLYCAN CONTENT AND MASS-AVERAGE COLLAGEN FIBRIL DIAMETER 
IN TENDON AS A FUNCTION OF AGE 

ANIMAL 
Tissue * 

RAT 
Tai l  teooon 

RABBIT 
Achilles 
S-reg ion FOP 

WALLABY 
Achilles 

ox 
Achi lles 

DOG 
Ach i lles 
Flexor FDS 
Sesamoid FOS 

CHICKEN 
Flexor CMT 

HUMAN 
T ibial is post . 

Age 

1 d 
5 d 
8 d 

15 d 
4 w 
5 w 
2 mo 
3 mo 

-12 mo 

Adult 
Adult 

Adult 

Adult 

Adult 
Adult 
Adult 

-9 d F 
11 d F 

-13 d F 
18 d F 

6 w 
12 mo 

5 y 

Mass�av . 
d i am .  (nm) 

4 9 . 0  

115 . 0  

210 . 0  
320 . 0  
340 . 0  
3 3 3 . 0  

203 . 5  
150 . 0  

197 . 9  

219 . 1  
151 . 8  

4 8 . 4  

3 3 . 6  
3 7 . 4  
5 5 . 0  

23 9 . 5  

Total GAG % of total GAGS tt • 
% o f  dry wt � ) OS CS HA 

2 . 38 
1 . 44 
1 . 25 
0 . 94 
0 . 50 

0 . 31 

0 . 26 

0 . 15 3  
- 2 . 8  

0 . 16 6  

0 . 41 3  

0 . 426 
0 . 350 
1 . 994  

0 . 696 
0 . 74 7  
0 . 558  

0 . 57 0  

25 
29 . 5  
32 
3 4  
4 5  

7 0  
7 5  
8 2  

74 . 5  
20 

7 1 . 5  

4 1  
3 7  
37 
3 7  
25 . 5  

7 
3 
3 

4 
60 

0 

82 10 

68 18 
6 1  26  
18 7 5  

( 1 )  7 .  5 25 

(1)  12 3 1  
3 7 . 5  4 9  
45  50  
60 3 3  

77 6 

34 
3 3 . 5  
3 1  
2 9  
29 . 5  

23 
22 
15 

21 . 5  
20 

28 . 5  

8 

14 
13 

7 

67 . 5  

57 
13 . 5  

5 
7 

17 

* FOP , Flexor d igitorum profundus ; FDS ,  Flexor d igitorum subl imis ; 
CMT , Ch icken metatarsal tendon . 

** OS = Dermatan sulphate ; CS = Chondro itin sulphate ; HA = Hyaluronic acid 

The GAG analyses reported here were all per formed by ors . M. H . Fl i nt and 
G . C . G i llard (Auckland Med ical School) , with the exception of those marked 
( 1) which are data from Reid ( 197 4 )  • 
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recorded hyaluronic  ac id levels  of -65% i n  human ski n ,  rat dorsal skin 

and chicken tendon ( see Tables 8 . 1  and 8 . 2) . 

The skins stud ied were from human (body skin ) , guinea pig ( foot 

pad sk in and dor sal and ventral aspects of body sk in) and rat ( ta i l 

sk i n  and dorsal and ventral aspects
' 
of body skin) . I t  i s  known that 

GAG composit ion a l ters with depth in the dermis and that d i fferential 

functional load i ng across the body of an animal results in local 

var iations in the f ibr i l  d iameter d istribution . It has been shown 

that in  human and pig (Fl i nt , 1971 ) and i n  calf (Taj ima and Nagai , 

1980)  that the uppermost ( papi llary) layer of  the dermis has smaller 

diame ter collagen f ibr ils , a higher GAG content and a greater rat io of 

hyaluronic acid to dermatan sulpha te than occurs deeper within  the 

dermis . Estab l i shing a correlation between collagen f ibr i l  d iame ter 

and GAG composi t ion in sk in is thus inherent ly d i ff icul t but despi te 

th is some general trends are apparen t .  At the age at which the 

mass-average d ia�eter of the collagen fibr i ls i n  sk in  is max imal it 

can be seen that the level of hyaluron ic acid is -40% ( range 30 - 45%)  

with similar level s of dermatan sulphate -40 % ( range 30 - 4 5 % ) . The 

mass-average dia�eters of the col lagen f ibr ils in these t i ssues all 

l ie in the range o f  60 - 13 5 nm. There ex ists , however , one notable 

exception - that of rat ta i l  ski n .  Here the mass-average d iameter o f  

the collagen f ibr i ls ( 155 nm) tend s towards those of  tens i le 

( tend inous) tissues and the dermatan sulphate level has reached 65% , a 

value much greater than that recorded for any of  the other sk ins . 

Further , the hyaluronic acid content has dropped to -20% and i t  would 

appear that the t i ssue has passed through an intermed iate chondro i tin 

sulphate rich s tage early in post-natal development . 

• 



I n  the advancing stages of Dupuytren ' s  contracture ( a  

patholog ical cond i tion of the human pa�ar subdermis and fascia) the 

mass-average d iameter o f  the collagen fibr i l s  is much smal ler than 

that of the normal pa lmar fascia ( -40 - 50 nm in Dupuytren ' s ; -140 nm 

in . control )  and both dermatan sulphate ( -60% ) and chondro i tin sulphate 

(-30 % )  level s have become qui te high . Thi s  parallels th e  cond itions 

reported for hypertrophic scarr ing ( Kischer and Shetlar , 1 9 7 4 )  in 

which the maj or i ty o f  collagen fibr i l s  are o f  smal l  diameters and are 

assoc iated w i th greatly increased levels of chondro i t i n  sulphate and 

decreased level s of hyaluronic acid relative to the surround ing nor�l 

tissue . 

Mature rat ta i l  tendon conta ins the largest col lagen fibr i l s 

(mass-average d iameter -340 nm) yet recorded f or any connective 

tissue . Here the hyaluronic acid content is -35% during the latter 

stages of development but d rops off to - 15 %  in the mature animal . The 

chondroitin sulphate content reaches -40 % perinatally and drops to -s% 

at matur i ty ,  whi le the dermatan sulphate content i ncreases from 

-25 - -so% over the same time interval . The development of chick 

metatarsal tendon para llel s that of rat- ta i l  tendon . In  the ear l i est 

stages stud ied (9 - 13 day foetal ) , the hyaluronic ac id content was 

extremely high ( -57 - 67% )  but dropped rapidly with increas i ng age and 

reached a level as low as 5 7% at maturity .  I n  contrast the 

chondro i tin sulphate level , which was ini tially - 2 5  - 30 % rose to - so %  

near birth then dropped to - 3 0  - 3 5 %  at maturity .  Dermatan sulphate 

on the other hand was about 10 % in the youngest ti ssues stud ied before 

peak ing at about 60% at matur i ty .  

sulphate and dermatan sulphate 

Thus hyaluronic ac id , chondro itin 

reached the ir max imal level s at 



sequential stages of development .  Chick tendon at matur i ty contained 

the second largest mass-average diameter f ibr ils  ( - 240 nm) of any 

t issue yet studied . In add i t i on ,  mature dog , rabbi t  and ox 

tendoachi l les all have high dermatan sulphate contents ( -68 , 74 and 

82% respectively) and col lagen mass-average d iameters of - 200 nm 

( range 198 - 213 mm) • 

As descr ibed in Chapter 5 the development of rat ski n  after 

wounding has been s tud ied by electron microscopy and b iochemical 

analys i s .  The GAG analyses revealed that peak levels of hyaluronic 

acid and chondroi t i n  sulphate were reached at four weeks in the 

long itud i nal wound and at about seven weeks in the transverse wound , 

whilst the proportion o f  dermatan sulphate peaked at about ten weeks 

in both wounds , (M. H .  Fl int , personal communication) . The collagen 

f ibri l  d iameter distributions conta ined a small  percentage of larger 

diameter fibr i ls - a feature not observed in normal sk i n .  

A graphical representat i on of  the trends in chang i ng levels o f  

the ind ividual glyco sam inog lycans as a function o f  the mass-average 

d iameters of col lagen f ibr ils  is shown in Figu re 8 . 1 .  All data a re 

plotted and the histograms have been constructed as the means of such 

data grouped in col lagen fibr il mass-average d iameter i ntervals of  30 

nm. Figure 8 . 1  i llus trates G,e trends tha t ; ( 1 )  hyaluronic 3c id 

levels are high in those tissues whose collagen fibr ils  are small , but 

fall to -20% in those more mature tissues which have col lagen fibr i l  

mass-average diameters >150 nm; (2 )  dermatan sulphate levels are low 

(-15 % )  i n  tissues having smal l  d iameter col lagen fibr i ls , but rise to 

a value -so% in those mature t issues which have collagen f ibr il 

mass-average diameters >150 nm; ( ) ) . chondro i tin sulphate level s are 
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rather disparate but are -25 - 30% when· the mass-average d iameters of 

the collagen fibr ils l ie in the range of 30 - 180 nm and - 10% when the 

mass-average d iameters reach the si zes observed in mature tend inous 

tissues . These results , taken with other data reported in the 

l iterature , form the bas is for the following hypothes is . 

8 . 2 . 3  Hypothesis 

The data recorded have not revealed any simple ( l inear ) 

relat ionship between the GAG composi t ion of a tissue and the 

mass-average d iameter of its const ituent collagen fibr i ls .  However , 

when the i nd ividual GAGs are expressed as a percentage of the total 

GAGs present it can be seen that those tissues which contain  the 

smallest d iameter f ibr ils usually have the highest hyaluron ic acid 

levels .  Tissues containing f ibr i ls of intermed iate s i ze (mass-average 

d iameter - 6 0  - 150 nm) frequently have an elevated percentage content 

of chondro itin sulphate , whereas those tissues with the largest 

d iameter fibr ils exhibit the h ighest percentage content of dermatan 

sulphate that have been exper imentally observed . This hypothesis has 

been developed in conjunction with Drs . M. H .Fl int and G . C .Gi llard 

( see Parry et al . ,  198 2 ) . 

I t  is  well known that hyaluronic ac id is the predominant GAG 

synthesi sed by foetal connective t issue cells both in v i vo and in 

v i tro (Pessac and Defend i ,  197 2 ; Mathews , 197 5) and in connective 

t issue regeneration and remodell ing following wound ing (Bentley, 1969 ; 

Toole and Gross , 1971 ; Mathews , 1975) . Consequently i t  i s  bel ieved 

that hyaluronic acid may fac i l i tate the migrat ion of cel ls to si tes of 

connective t issue development or repa ir (Flint ,  1972 ; Toole , 197 6 ;  

Merr ilees and Scott , 1980 ) . As these si tes also represent the domains 

of collagen synthes is , it  is  possible that hyaluronic acid , as a 



consequence of i ts very large excluded volume ( i . e .  i ts 

water- i nclus ion proper ties ) , could also faci l i ta te the movement and 

d istr i bution of newly synthes i sed collagen molecules and fibr i l s .  

Thus i n  the pr imary s tage o f  f ibr i l  growth th is hypothes is would 

postulate that the transverse or ci rcumferent ial growth of collagen 

f ibr i l s  i s  limited by the hyaluron ic ac id-rich matr i x  such that only 

smal l  f ibr i ls less than about 60 nm in d iameter are formect . However , 

whi le hyaluronic acid may i nhib it lateral growth of the f ib r i l s  beyond 

a d iameter o f  about 60 nm , the hypothes is would suggest that there is 

no comparable inhibi t i on of long i tud inal growth dur ing th is stage of 

f ibr i l logenes is ( S i lver and Trel stad , 1979 ) . I ndeed , such growt.l-) 

would be highly favoured . Thus the tissue may leng then and grow 

w i thout the inherent r i g id ity imposed by the presence of th icker 

f ibr i l s . This mechan i sm  does not imply that hyaluron ic ac id has a 

d irect role as a nucleating agent ; it  has already been shown tha t 

hyaluron ic ac id does not bind to col lagen under phys iol og i cal 

cond i tions (Obr ink , 197 3 ;  Greenwald et al . ,  1975 ; Comper and 

Laurent , 1978 ; L i ndahl and Hook , 1978)  and that ne i ther hyaluronic 

ac id nor the other GAGs are essential for init iating the formation o f  

col lagen f ibr ils in v i tro . 

Between birth and maturation , the hyaluronic ac id content of many 

connective ti ssues generally decreases qu i te rapid ly whereas the 

chond roi tin sulphate and dermatan sulphate contents i ncrease from the 

low level s normal ly present dur ing early foetal development . Dur ing 

th is second stage o f  fibr i l  development , the hypothes is postulates 

that the inhibi t i on of the lateral growth of f ibr ils imposed by the 

hyaluronic ac id is  removed by the propor tionate increase o f  
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chondro i tin sulphate ( Scott et al . ,  1981)  and/or dennatan sulphate 

synthesised preferentially by the cells in response to their chang ing 

mechanical or micro-electr ical environment ( Fl int et al . ,  1980 ; 

Fl int , 198 1) . I n  contrast to hyaluronic acid , chondrQi tin sulphate 

makes weak i onic interactions w i th col lagen under cond it ions 

encountered in vivo .  This  hypothesi s  considers that thi s  allows the 

development of larger d iameter col l agen f ibr i ls .  However i t  is also 

postulated that chondro i tin sulphate i t self w i l l  have an inhibi tory 

effect on fibr i l  growth beyorrl a d i ameter of about 150 run .  

Other t issues subj ected to high tensi le stresses , such a s  tendons 

and some sk ins , experience a thi rd stage of fibr i l  development . The 

mass-average d iameters of  the col lagen f ibr ils increase to values 

which are typically -200 run arrl the dermatan sulphate concentrat ions 

increase signif icantly to about 60 - 80% .  Since dennatan sulphate 1s 

known to make strong ionic interac t ions with col lagen under 

phys iolog ical condi tions , the hypothes is  speculates that the 

increasing proportion of dermatan sulphate will  remove the inh ibi tion 

on f ibr i l  growth imposed at the earl ier stages of development and 

hence allow the col lagen fibr i l s  to grow laterally (Si lver and 

Trelstad , 1979)  to those si zes required for the ir increased ten s i le 

load ing (Parry et al . ,  1978a) (mass-average diameter > 15 0  nm and 

typically -170 - 240 nm) . I t  should be noted that al though the 

dermatan sulphate and chondro i tin  sulphate molecules have equal 

charges per uni t length , the charges on the dermatan sulpha te seem 

more accessible to interactions w i th col lagen . I t  has been specu lated 

(Obrink ,  1973 ) , that thi s  "charge-avai l ab i l i ty" may be due to t.J,e 

presence of L- iduronic acid - a hexuronic ac id present in dermatan 



sulphate but not in chondro i t in sulphate . 

The scheme of f ibr i llogenes is as postulated is str ictly 

sequent ial ; the tissues conta i ning the largest d i ameter col lagen 

f ibr i l s  must pass through a hyaluronic acid r ich stage , a chondro i t in 

sulphate and/or dermatan sulphate r ich stage but ultimately a dermatan 

sulpha te r i ch stage . I t  should be mentioned , however , that al though 

ti ssues with collagen fibr i l s  of mass-average d iameter - 200 nm can be 

pred icted to have a high dermatan sulphate content , the converse 

cannot necessar i ly be assumed true ; a dominance of dermatan sulphate 

does not favour the presence of large d iameter col lagen f ibr ils unless 

the hyaluronic ac id r ich and the chondroitin sulphate and/or dermatan 

sulphate r ich stages have occur red p rev iously and in that order . The 

three stages of development as postulated have clearly occurred 

sequent ia l ly in rat ta il  tendon and in chicken flexor tendon , and the 

fibr i l s  in these ti ssues have indeed grown to the larges t diameters 

yet observed . 

The thi rd stage of development i s  never reached by body sk in and 

the col lagen f ibr ils in th is t i ssue grow only to i ntermed iate s i zes 

( - 60 - 140 nm) . However in mature rat tai l  sk in , where dermatan 

sulphate level s reach - 6 5% and the hyaluronate content drops to - 20 % ,  

the chondroi tin sulphate peaks in ear ly post-natal development . The 

increased f ibr i l  g rowth for th is sk in (mass-average d iameter -155 nm) 

beyond that observed for normal body sk in (mass-average d iameter - go 

nm) prov ides further support for the hypothes is as postulated . The 

pe r ivascular and peri foll icular zones of the dermis , which both have 

high hyaluronic 

f ibr i l s . These 

acid conten ts , conta in only small d iameter collagen 

observations are again in agreement with the 
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hypothes is.  

The smal l  diameter col lagen f ibr i l s  ( -40 - 50 nm) fou�J 1n  

Dupuytren ' s  contracture , l ike another human pa tholog ical cond i t i on -

hyper trophic scar r i ng (Kischer and She t lar , 1974 )  are associ ated 

w i th high levels o f  both chondro i ti n  and dermatan sulphate . In  bo ti1 

cases the maj o r i ty of the col lagen fibr i l s ha ve smal l  d i ameters and 

are assoc i a ted wi th grea tly increased propo r t ions o f  chondro i t i n 

su lphate but decreased level s o f  hyaluron ic ac id . I t  can there fore be 

speculated that the large decrease in the hyalurona te level f rom - 40 �  

t o  - 10% may have occurred at the onset of th e  d isorder and L�a t  the 

omi ss ion o f  a hyalurona te r ich stage has hi ndered the normal processes 

of tissue repa i r .  Thi s  in turn would appear to have prevented t�e 

forma t i on o f  col lagen f ibr i l s  w i th d i�net2rs grea ter than -60 n� . 

Ev idence support ing the hypothes i s  includes the observat ions on 

paratenon , v i t reous humou r , umbi l ical cord and synov ial f luid . �ach 

of these tissues conta ins a high concentra tion o f  hyaluron ic ac i d  

( typ ically > 60% ) and only smal l  d iameter f ibr i l s  (mass-ave rage 

d iameters in the range 10 to 50 nm) • Bone and car t i lage , w':1 ich 

contain high concentrations of chond ro i t in sul phate at matur i ty,  have 

col lagen f ibr i l s o f  intermed iate s i ze (-40 to 80 nm) . Add i t ional 

suppor t  for the hypothes is comes from the work o f  Gi llard et al . ,  

( 1979)  and F l i nt et al . ,  ( 1980)  • They showeJ that the rabb i t  f lexor 

dig i torum orofundus tendon (wh ich curves around the back o f  the a:�:< le) 

is chemica l ly and structurally d is t i nc t  on the concave and corwex 

s ides . On the concave ( pressure) s ide o f  the tendon the GAG conten': 

is about 2 . 3  - 3 . 5% ,  o f  wh ich 60 % is chond ro i t in sulphate and t':1e 

col lagen f ibr i l s  have mass-average d iameters o f  - 1 50 n11 . On the 



convex ( tensional ) side of the tendon·, the GAG content i s  much lower 

( -0 . 2% ) , conta i ns about 70% dermatan sulphate , and has f ibr ils with a 

mass-average diameter of -200 nm (Merri lees and Fl int , 1980)  . 

Furthermore ,  i t  has been shown that i f  the tendon i s  moved away from 

the bone so that i t  no longer turns through an angle of  about 90° , it  

becomes subj ect only to tens ional forces , and this results in ma j or 

biochemica l and morpholog ical changes (Gillard et al . ,  1977 , 1979 ; 

F l i nt et al . ,  1980) . Speci f ically, the pressure-bear i ng reg ion of the 

tendon , which normally contains snall diameter collagen . fibr i ls and 

high levels of chondroitin sulphate , is gradually replaced by normal 

tension-transmitting tendon 

collagen f ibr ils associated 

with 

w i th 

closely 

small 

packed large dia�eter 

amounts of  GAG , of which a 

major fraction is now dermatan sulphate . Thi s  process can be reversed 

by relocat ing the tendon about the bone at an appropr iate time after 

ini t ial translocation . Thus a reversible and concomi tant change in  

f ibr i l  d iameter and GAG compos ition accompanies any change in the 

physical environment of the cell s .  These results prov ide further 

support for the concept that glycosaminoglycans have an important role 

in fibr i l  growth and remodell ing . 

Cornea , a highly special i zed connective tissue , appears to be 

an��alous w i th regard to the hypothes is as postulated s ince boG� 

corneal keratan sulphate and chondro itin sulphate are synthes ised in 

high proportions a fter the initi al hyaluronic acid rich stage of 

development .  Throughout post-natal development the cornea maintains 

uniform and small d iameter col lagen f ibr il s  ( - 17 or 25 nm; Craig and 

Parry, 1 98 la) , in spi te of  high proportions of chond ro i tin  sulphate 

present . Thi s  feature may be related to the unique properties of 
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corneal keratan sulphate , a GAG which appears to restrict fibr i l  

growth absolutely . Corneal keratan sulphate is simi lar to hyaluronic 

acid in that neither i nteract  w i th col lagen under cond i tions found in 

v i vo (Obr ink , 197 3 ;  Greenwald et al . ,  197 5 ;  Lindahl and Hook , 1 978 ) . 

I t  is also interesting that corneal scars , 1n which corneal keratan 

sulphate i s  largely 

diameter f ibr i ls than 

Mathews , 1975) . 

8 . 3  Conclus ions 

replaced by dermatan sulphate , conta i ns  larger 

are found in normal cornea (Anseth , 196 5 ;  

The hypothesi s  relating f ibr i l  si ze d i str ibution to GAG 

compos it ion poses almost as many questions as i t  answers . For 

instance what importance should be attached to the prev ious ly reported 

results that f ibri llogenes is and f ibr i l  growth are related ( i )  to the 

extent of eo-polymeri zati on of var ious col lagen types (Henkel and 

Glanville,  1 9 8 2 ;  Hendr i x  e t  al . ,  1 982) ; ( i i )  to the amount o f  the 

amino-terminal propept ides retained in a growing fibr i l  ( Flei schmaj er 

et al . ,  198 1 ,  1983) ; ( i i i )  to the interactions between collagen and 

f ibronectin (Kleinman 

glycosylati on of the 

et al . ,  198 1 ) ; ( iv) to the degree of 

col lagen molecule (Mathews , 1975 ) ; (v )  to 

par&�eters such as pH , temperatu re and ionic streng th of  the med ium in 

which the col lagen fibr i l  is assembled (Wood and Keech , 1960 ; Cassel , 

1966 ; Fessler and Tandberg , 1975 ; Wi l l iams et al . ,  1978 ; Bornstein 

and Traub , 1979) and ( v i )  to the procollagen aggregates , i ntermed iate 

aggregates and intracell ular subassembl ies (Trelstad et al . ,  197 6 ; 

Trelstad and Hayashi , 1 979 ; Bruns et al . ,  1979 ; Hulmes et al . ,  1 9 8 3 ;  

Gross and Bruns , 1984 ) ? Al so why should the relative amount of  the 
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d i f ferent glycosaminog lycans present be more important than the 

absolute amount in the t issue? Fur ther , how can bimodal col lagen 

f ibr i l  d iameter d i s tributions ( present in some mature tendons ) be 

expla ined in terms o f  a spec i f ic GAG compos i t ion? 

With regard to the f i rst point it would now seem apparent tha t 

f ibr i l logenes is is highly complex and is l ikely to involve more than a 

single factor such as glycosaminog lycan compos i t ion ( see , .  for exa�le , 

Fur thmayr and Madr i ,  1982 ;  Gross and Bruns , 1984) . I t  must thus be 

emphas i zed that the results presented here are ' nei ther all- inclus i ve 

nor mutual ly-exclus ive of other ideas and that th is new hypothes is for 

the mechani sm of fibr i llogenesis does not necessar i ly detract from 

a l terna tive hypotheses elaborated el sewhere . I t  can be stated , 

however , that the trend s estab l i shed for fibr i l  diameter d i s tr ibution 

and for GAG compos i t ion in a wide var iety of connective t i ssues at 

d i f ferent ages are based on a substant ial body of ev idence and tha t 

any theory must take these results into considerat ion . 

The second point i s  harder to explain . No clear trends in the 

absolute contents o f  any par t icu lar GAG as a funct ion o f  f ibr i l  s i ze 

have been detected . I t  could be argued that the hypothes i s  would have 

appeared more plaus ible i f  it had been proposed that fibr i l  d iame ter 

was l imited by the absolute amounts of the particular GAGs present 

rather than by the percentages of GAGs in the t issue . Any 

relat ionship between absolute GAG content and collagen fibr i l  d iameter 

could have been envi saged in terms o f  a stoichiometr ic b i nd i ng  ( for 

example electrostatic interaction) between the surface of a col lagen 

f ibr i l  and the GAGs in the surround i ng  matr i x . Th is poss ibi l i ty,  

al though stud ied extens i vely , fai led to reveal any cons i s tent or 
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significant trends in all of the tissues studied and thus was not 

considered as a viable alternative to the scheme proposed . The 

impl ication of the hypothesis , therefore , is  that it  is the rat io 

rather than the amount of the d i fferent GAGs which determines the 

f ibr i l  s i ze distr ibution . This could be accompl ished through 

competitive i nteractions between collagen and the different GAGs� The 

hypothes is thus descr ibes a feedback mechani sm  val id even for the 

oldest t issues , where the total GAG levels are often extremely low 

compared to those found in foetal or immature tissues . It  therefore 

rema ins a matter of speculation as to how interactions between 

collagen and the d i fferent GAGs can be truly compet itive ,  or indeed 

how such interactions are able to a f fect the growth and development of 

the collagen f ibr i ls at varying stages of development . An alternative 

hypothesi s  has been suggested by Scott et al . ,  ( 19 81) in which they 

suggest that the amount of chondro i ti n  sulphate in rat- ta il tendon may 

l imit the dia�eters of the const i tuent collagen fibr i ls , and they 

speculate that a simi lar mechani sm  may be appropr iate for all 

connective tissues . However ,  the resul ts presented in this thes is do 

not suppor t  the broader outlines of the ir hypothes is although the data 

obtained for several ind ividual tissues are indeed cons istent with 

their interpretation of the rat-ta il tendon data . 

The third point,  which concerns the occurrence of bimodal 

populations of col lagen f ibril d ia�eters , is  one that i s  not 

expl icable in terms of our current state o f  knowledge .  I t  could be 

speculated that there is local var iat ion in the composi ti on of GAGs 

i . e .  the i r  d istr ibution is not homogeneous . SUch var iations do 

i ndeed occur , as for example in the rabb it flexor d ig itorum profundus 

tendon ( which turns through an ang le of about 90° ) , and in skins . I n  

both cases the GAG content a nd  compos i t ion have been shown to vary 

with location in the tissue (Fl int , 19 7 1 ;  Taj ima and Nagai , 1980;  
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Flint et  al . ,  198 0 }  and it is therefore conceivable that local 

var iations could occur in all tissues . It would seem unl ikely , 

however , that such var iations would be sufficiently local i zed to 

account for bimodal f ibri l  d iameter d i s tr ibuti ons that are constant in 

form throughout the tendon . 

Thi s  apparent anomaly in the framework of the hypothesis 

i nd i ca tes that there is  at least one factor , other than GAG 

composi tion , which has some control over the ultimate si zes to which 

that tre coll agen fibr ils may grow . I t  could be specu la ted 

eo-polymer i zation of genetically d istinct molecular 

collagen i s  the rema ining factor . Broad bimodal 

collagen f ibr i ls all ar ise from d istr ibutions which 

species of 

populat ions of 

are sharp and 

unimodal in the foetal and immature t issues . Thi s  means that within 

the matr i x  many fibr ils have grown to large d iameters whi lst others 

have not developed to the same extent . Thus i t  would appear that 

something w i thin or on the fibr i l ,  rather than within the matr i x ,  has 

had a regulatory effect on the growth o f  same of the f ibr ils . Factors 

previously d iscussed , such as the degree of glycosylation ,  the amount 

of am i no- terminal propept ide retent ion or molecular species 

eo-polymer i zation , could be cand idates for this regulatory role and 

there i s  same ev idence that i t  may be the latter (eo-polymeri zation) . 

I t  has already been discussed at length (Chapter 5 }  that high level s 

of Type I l l  collagen are found in Dupuytren ' s  d i sease and in horse 

tendons previously treated with bacter ial collagenase , that both of 

these t issues contain small d iameter f ibr il s  ( - so nm) and that such 

fibr i ls have a very smal l range of d iameters .  I t  i s  poss ible that 

these f ibr i l s  are composed of the polymer i zati on product of Types I 

and I l l  col lagens . Further , the uni form diameter collagen fibr ils 

observed in cornea (Chapter 3)  may be composed of the polymerization 

product o f  Types I and II  collagens , and that the GAG-med iated control 
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outl ined i n  the hypothesis i s  only effective on collagen f ibr ils 

composed of  a single molecular species ( spec i f ically Type I f ibr ils) . 

Type I I I  collagen is known to ex i st in s igni ficant proportions in 

many foetal and linnature tissues and to fal l  to low level s with 

i ncreasing age .  

f ibr ils solely 

In pr inc iple , Type I I I  col lagen molecules may form 

of that molecular spec ies ( Type I I I  f ibr i ls) or , 

alternatively , may contr ibute to the fonnation of  Type I/I I I  

(polymer i zat ion product) fibr i l s .  Further , a s  two molecular spec ies 

of collagen co-ex i sting within a s i ngle f ibr i l  have no need to be in 

equal a�ounts , small levels of one speci es ( for instance Type I I I  

collagen molecules) could account for a large number o f  Type I/I II  

fibr i ls in a predominantly Type I collagen-conta ining tissue . I t  is 

poss ible that f ibr il s  containing Type I I I  collagen are unable to grow 

to large d iameters but that subsequently synthes i zed Type I fibr i l s  

may grow t o  i ncreasingly large d iameters a s  the levels of  chond ro itin 

sulphate and dermatan sulphate r i se sequentially . Thi s  could give 

r ise to the mar ked ly bimodal d istr ibutions of col lagen fibr il 

d ia�eters observed . 
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CHAPTER NINE 

SUMMARY 

Thi s  thes is has pr imar i ly been concerned with the col lection and 

interpreta t i on of electron microscope data obta ined from transverse 

sec t ions of a range of connect i ve
-
t i ssues stud ied over var ious stages 

of t i ssue development . I n  sane cases these data., which were 

necessa r i ly obta ined from dehydrated t i ssues , have been compared with 

those obta i ned from X- ray measurements on the ident ical t i ssue pr ior 

to dehydrat ion . These resul ts , collected in col l aboration with 

workers in  the USA , have revealed that lateral shrinkage of the t i s sue 

at both the f ibr il  and mat r i x  level s can be severe and hence prov ide a 

ma j o r  source of artefact i n  work of th is type . Th is , in  turn , can 

lead to m i s i nterpretation of elec tron microscope images unless care is 

taken . 

A det a i led study of one highly spec i a l i zed class of connec tive 

tissues - the corneas - has revealed the value of comparative s tud ies 

carr ied out by a single research wor ker . Prev ious resul ts repor ted in 

the · l i terature had fa iled to reveal any relationsh ip between the 

fibr i l  d iameters in the corneas o f  animals f rom d i fferent spec ies . 

Also , confl ict ing results on f ibr i l  d iameter as a func tion of depth 

below the anter ior surface of the cornea had been reported but no 

follow-up wor k had been under taken to assess the relative mer i ts of  

these works or indeed the i r  general relevance . In add i t ion , no 

stud ies had been under taken on the s i ze o f  the fibr i l s  in the cor nea 

as a funct ion of  matu r i ty .  Al l o f  

stud ied i n  th is thes i s  using , 

techn iques o f  elec tron microscope 

these aspects were 

wherever poss ible , 

prepar at ion and 

speci f ically 

standard i zed 

measurement 
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procedures . The resul ts obta ined clearly showed that there was no 

s i gni f icant d i f ference in fibr i l  d ia�eters in f i ve classes o f  

ver tebrates mamnals , b i rds , rept i les , amphibians arrl car t i lag i nous 

f i sh . However the corneas in bony f i sh were shown to have collagen 

f ibr i l s  w i th d iameters which were s i g n i ficantly snal1er than those 

found for a l l  the other an unals stud ied . In  add it ion to these resul ts 

the col lagen f ibr i l  d iameters were stud i ed , for a select i on o f  s i x  

anima l s , a s  a function o f  pos i t i on across the wid th of the cornea . 

Once aga in no s ign i f icant d i fferences i n  f ibr i l d iame ter were observed 

excep t  for a small number of fibr i l s  present 1n the layer in closes t 

prox imi ty to Descenet ' s  membrane . Corneas from foetal animal s o ther 

than the bony f i sh revealed that the col l agen f ibr i l  dia�eters were 

close to those found in the mature bony f i sh sugges t i ng that corneal 

col lagen f ibr i ls do indeed increase i n  s i ze with age up unt i l  b i rth . 

However , du r i ng act ive l i fe the col lagen f ibr i ls i n  the corneas o f  all 

animal s do not change in d ia�eter . Whi l st the absolute values o f  

f ibr i l  d iameter measured in th is work are likely t o  be underes ti�ates 

o f  the tr ue ( hydrated) values , the comparative values remain val id . 

Thus s i gn i f icant class i f ica t ions have been revealed for cornea as a 

resul t o f  a cons istent set o f  exper imenta l protocol s  being mai nta i ned 

by a s ingle research worker . 

The ex tens ive data col lected on the d istr ibution o f  co ll agen 

f i br i l  d iameter s  in connec tive tissues has revealed new deta i l s  on ��e 

pa ttern o f  f ibr i llar growth and develo�ent . I n  the most i mma tu re 

t i ssues stud ied ( i . e .  those from ear l y  foetal or embryonic ani ma l s )  

the col lagen f ibr i l s  had very sharp d i str ibut ions o f  d iameters '"' i t� 

mean values ly ing close to one o f  a set of "quanti zed " d iameters . 

Such d iameters d i Efered from one another by a mul t iple o f  abou t  
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7 . 3  nm . Occasionally the mean d iameter measured in one f ibre was 

d i f ferent to that measured in an adj acent f ibre though the feature of 

"quant i za t i on "  was mai ntained . With increa s i ng age the unimodal 

distr ibut ion of f ibr i l  si zes measured were often resolvable into two 

or more d is t inct populat ions with mean values quant i zed i n  the manner 

prev ious ly d i scussed . At b i r th i n  a l t r i c i a l  animal s and i n  early 

postnatal development 1n precoc ial animals the unimodal coll agen 

f ibr il  d i ameter d i st r ibutions broadened considerably and in those 

cases the d i ameter d istr ibut ions could only occas iona lly be resolved 

into discrete populations . Dur ing ti ssue maturation the d i str ibu� ions 

con tinued to broaden apprec iably . In  shor t- term low-stress tissues 

the dia�eter d i str ibutions rema ined unimodal 1n form but in the 

long-term hi gh-stress tissues ( such as some tendons ) the d istr ibution 

became b imodal or r ight-skewed . Beyond matur i ty the few t i ssues 

stud ied contained fewer larger d iameter col lagen f ibr i l s than 

prev ious ly present a t  matur i ty .  I n  add i t i on the mean f ibr i l  si ze 

decreased s igni f ican t ly .  These patterns of  fibr i l  growth , establ i shed 

for a range of  connective t i ssues , pr ovide the f i rst quanti tative data 

upon which theor ies of fibr i llogenesi s and fibr i l  development may be 

proposed . 

In  add i t ion the f ibr i l  s i ze d i str ibut ions have been rel ated to 

the mechanica l  attr ibutes of  those t i ssues over that par t of the age 

range access ible to study . These latter data have been repor ted 

prev ious ly by others but are now shown to parallel the mass-average 

d iameters o f  the col lagen fibr i ls reported i n  th i s  wor k  for ti ssues as 

wide rang i ng as sk i n  and tendon . The theory enunc iated ear l i er in 

collaborat i on with D . A . D . Parry and G. R . G . Barnes , which attempted to 

rela te the presence of smal l  d iameter f ibr ils to creep-res istant 
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propert ies and the larger d iameter f ibr i ls to tensi le attr ibutes , has 

been further substantiated by the results reported here . A number of 

normal tissues exhibiting unusual col lagen f ibr i l  dia�eter 

d istr ibutions or dysplastic t issues exhibiting collagen fibril 

d ia�eters a l tered from the norm have also been inves tigated and , where 

poss ible , related to the mechanical attr ibutes of that t i ssue . 

I n  a further collaborative study with workers in Auckland 

(M.H .Fl int , G .C .Gillard and H .C . Re i l ly) i t  has been shown that a 

correlation ex ists between the mass-average d ia�eter of collagen 

f ibr i l s  in  connective ti ssues and the relative amounts of the 

d ifferent glycosaminoglycans (GAGs) present .  The results have lead to 

the hypothes i s  that the GAG levels i nf luence the s i ze of  the collagen 

f ibr i ls in  the tissue. Thus i t  has been suggested that hyaluron ic 

acid l lin i ts the lateral (but not long itud inal) growth of collagen 

f ibr i ls i n  the ear ly stage 

matures the chondroi tin 

of t issue development . As the tissue 

sulphate levels increase ( relative to the 

hyaluronic acid) and the inh ibition on f ibril growth may be removed 

thus allowing the fibr i ls to grow to intermed iate d iameters (up to 

-150 nm) . I t  i s  then suggested that the chondro i tin  sulphate 

concentration does not allow fibr i l  growth beyond this intermed iate 

d ia�eter unless the dermatan sulphate concentration increases to a 

high level . I f  thi s  occurs the fibr i ls may grow to the large 

diameters ( -200 nn) normally found i n  high tensi le tissues such as 

tendon . Thi s  hypothes i s  suggests that a spec i f ic s i ze fibri l only 

remai ns a stable enti ty provided that appropr iate GAG levels are 

mainta ined . Fibr i l  growth and breakdown may therefore be controlled 

by the synthesi s  of the d i fferent GAGs by the cells present . I t  is 

possible that i f  the mechanical propert ies of a tissue are al tered the 
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cells may exper ience changes in the phys ical forces and stresses 

imposed upon them (with concomi tant changes i n  the i r  microelectrical 

env i ronment) , that thi s  w i l l  i nduce d i fferent GAGs to be produced and 

f ina lly that thi s  wi ll allow the fibr i l s to grow or breakdown as G�e 

case may be . The more rapid turnover rate o f  the GAGs relative to 

col l agen suggests tha t  the changes in GAG compos i t ion precede changes 

in col lagen f ibr i l  s i z e .  Though th is hypoe1es is does not d i sprove a�y 

o f  the theor i es prev ious ly put forward to explain fibr i llogenes is and 

f ibr i l  development , i t  does prov ide new data that i s  l ikely to ee 

impor tant in any scheme that i s  f ina lly accepted . 

Overa l l  th is the s i s  has been devoted to the low resolut i on 

structure of connec t ive tissu e ,  an area which has surpr i s ingly been 

neglected by most workers in the f ield of connec tive t i ssue researc� . 

Much more work is  st i ll requi red but the out l ines of some o f  .... . ��e 

factors involved i n  col lagen f ibr i l  groWth and development and in 

speci fy ing the mechan ical propert ies of a ti ssue are now becom ing a 

l i ttle better under sto od . A more complete under stand i ng of connective 

t issue str ucture and function may lead to med ica l appl icat ions such as 

in the area of wound hea l i ng . As Ross ( 1980)  has stated "Co llag en is  

the pr i nci pa l  connec t i ve tissue component of the heal ing wound , and i �  

w i l l  be necessary t o  further pursue the nature o f  the factors 

respons ible for stimul ating col lagen format ion by , and prol i ferat ion 

of , f ibroblasts . These and other stud ies could prov ide a bas is for 

the manipulat ion o f  the process of wound repa i r  in terms o f  rapi d i ty ,  

the ex tent of scar forma tion , a nd  the preven t i on o f  faulty hea l i ng . "  

I t  is hoped that stud ies o f  the type under taken in thi s  thes is will 

help aspi rat i ons such as these to be rea l i zed 1n the forseeable 

future . 
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APPEND I X  l 

GENETICALLY D IS'riNcr COLLAGEN TYPES 
AND THE I R  DISTRIBUTION IN THE BODY TISSUES * 

Subuni ts 

oe,l ( I )  
and cG2 ( I )  

oGl ( I )  

o<.l ( I I )  

oGl ( I I I )  

oG l  ( IV)  
oC-2 ( IV) 

oGl (V) 
and Cll..2 (V) 

Cha i n  
compos i t ion 

[cd ( I ) ] 2 oG2 ( I )  

[«.l ( I ) ] 3 

[ttl ( I I )  ] 3 

[o-'l ( IV) h �2 ( IV )  
o r  [.C.l ( IV) ] 3 
and [o(,2 ( IV)  ] 3 

[�l (V) h ol-2 (V) 
arrl [oGl (V) ]3 

Ti ssue 
d i str ibu t ion 

Bone , dentine , tendon , s� i n ,  
vessel wal l s , cornea , placenta , 
connective ti ssue proper . 

Bone , dent ine , sk i n .  

Hyal ine , elas t i c  and fibro us 
cart i lages , interver tebral 
d isc , v itreous humour , 
notochord , embryon ic corneal 
epi thel ium , neural ret ina . 

Ski n ,  vessel walls , 
connec tive ti ssue proper 
( ret icul ar f ibres , endomys i um ,  

endoneur ium , loose areolar 
connec tive t i ssue , paratenon , 
etc . ) , placenta . 

Basement membranes ; 
(capi llar ies , and lens 

capsu l e ,  glomerular basement 
membrane , Descemet ' s  membrane , 
par ietal endoderm) • 

Amnion , chor ion , placenta , 
sk in , tendon , cornea , bone , 
aorta , muscle , connec tive 
t i s sue proper . 

* Table mod i f ied from von der Ma r k ,  1 98 1 .  

Note 1 :  Many new i ncompletely characte r i zed collagens are continual ly 
being

-
descr ibed . These include endothel ial col l agen , intes t ina l 

epi the l i a l  collagen , cart i lage loc, 2� col lagen , car t i lage 
d isulph ide- l inked m-coll agen , arrl vessel wall/placenta 40-SO K short cha i n  
col lagen ( Chung e t  al . ,  1976 ; Burgeson and Hol l ister , 1 9 79 ; Sage e t  al . ,  
1980 ; Quaroni and�relstad , 19 8 0 ;  Shimokomaki et al . ,  1 9 8 0 ;  Furo to

-and 
i1il ler , 19 8 0 , 198 1 ;  Ayad et al . ,  1 9 8 1 ;  Jander et al . ,  19 8 1 )  • 

Note �: There i s  i ncreas ing ev idence that when two or more co llagen t ypes 
occur i n  the same ti ssue they may ex ist as co-polymers ( see for exa�le , 
Henkel and Glanv i lle , 19 8 2 ;  Hend r i x  et al . ,  1982) . 
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APPEND I X  2 

D IMENSIONS OF THE PARAMETERS OF PROPOSED COLLAGEN SUB-F IBRILLAR 
ASSEMBL I ES 

Model ( l )  

2-stranded MF 

4-stranded MF 

5-stranded MF 

D imens ions o f  un i t  cel l ( 2 )  
D i ameter a* b* i* 

(nm) (run - 1 )  (run - 1 )  

l/5 . 5  l/5 . 5  

l/7 . 69 l/7 . 69 

9 0  

9 0  

9 0  

8-stranded MF -3 . 5  

l/7 . 5 5 l/7 . 55 

l/3 . 84 l/3 . 50 90 

L iqu id crystal - 1 . 5  

Quas i-hexagonal -1 . 5  

5-stranded 
compressed MF 

l/3 . 8 2 l/2 . 63 7 5 . 3  

l/3 . 78 l/2 . 44 6 6 . 0  

( l )  MF represents "micro f ibr i l" . 

References 

Woodhead-Ga l loway et al . ,  
19 75 . 

-- --

Ve is and Yuan , 1 97 5 . 

Smith , 1968 ; Mi l ler and 
Wray, 1 9 7 1 . 

Miller and Par r y ,  1973 ; 
Fraser et al . ,  1 974 . 

Fraser et al . ,  1979 . 

Hosemann et al . ,  197 4 . 

Huki ns and Woodhead
Galloway , 1 9 7 7 . 

Hulmes and M i l l er , 1979 ; 
Mi ller and Tocchett i , 
1981;  Fraser and MacRae , 
1 98 1 ;  Fraser et �. ,  
1983 . 

Trus and P ie z ,  1 980 ; 
P iez and Trus , 1981 . 

( 2 ) Where the model is  not a micro f ibr i llar one the d ia�eter of the 
col lagen molecule 1s  quoted ( - 1 . 5  nm) ; a* and b* · a re the u n i t  cell 
d imens ions in rec iproca l space and i* 1s the angle between G,ese 
rec iprocal space parameters . These data have not a lways been quoted in 
the l i terature c i ted but , rather , have been calculated from rea l space 
coord inates to complete this table . 



APPENDIX 3 
SOURCE OF CORNEAS FOR COMPARATIVE STUDY AND STATE OF PRESERVATION 

PRIOR TO PREPARAT ION FOR ELECTRON MICROSCOPY . 

( a )  Fresh Corneas :  

202 

---
Dog f i sh ,  elephant fish , st i ngray, butter f i sh , moki , trout , gold fish , 

chick , magpie ,  thrush , rat , rabb i t ,  opossum , gu i nea pig , sheep , ox ( l ) . 

(b)  Formal in F i xed Corneas : ---
Lamprey ( 2 ) ; sa lamander , toad , frog , turt le , snake ( 3 ) ; k iwi , 

wal laby , wal laroo , sea- l i on ,  blackbuck , hippopotamus , diana monkey , 
capuch in monkey , squ i rrel monkey ( 4 ) ; foetal human ( 5 ) . 

( c )  Frozen Corneas : 
Tua tara , pigeon ( 3 ) ; k iwi ( 6 ) . 

(d )  From Storage in "Cornea-bank" : 
Adul t  hunan ( 7 ) . 

( l ) Al l an imals whose corneas were taken in a fresh state were col lected 
by the author from a variety of sources , inc l ud ing smal l  an imal 
breed ing houses a t  Massey Univer s i ty and the DS I R ,  Fox ton F i sher ies , 
Fe i ld ing Free z ing Works , fi shermen and f r i end s .  

( 2 )  Dr . P . R . Todd , F i sheries Research Div i s i on ,  Chr i stchurch . 

( 3 ) Dr s .  R . A . Fordham 
Un ivers i ty .  

am I . A . N . Str inger ; Zoology Dept • 1 Massey 

{ 4 )  Mess rs G .W . Meadows , C . F . Smi th , R . Gates and M. Sibley; 
veter inarians , Auckland Zoo . 

curator and 

{ 5 ) Dr . R .W. Darby , patholog ist , Palmerston Nor th Hospi tal . 

( 6 ) Mr .  B . Reid , Wi ld l i fe Div i s ion . , 
Wel l ing ton . 

Dept . 

( 7 )  Dr . M . J . Merr i lees , Med ical School , Auckland . 

of I nternal Af fa i rs ,  
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APPEND I X  4 

SUMMARY OF PROCFSSED MATERIAL SUPPL I ED  BY OTHER RESEARCH WORKERS 

An imal Ti ssue ( Source) Cond i tion 

Sea cucunber 
Lamprey 

Cuv ier ian 
Notochord 
Sk in ( 2 )  
Metatar sal 

tubules ( 1 )  
sheath ( 2 )  

Normal tubules 
Normal adul t 

Normal adult 
Ch ick tendons ( 2 ) Foetal ( 11 ,  12 , 13 , 14 , 17  

Ra t Sk in ( 3 )  

Lamb Sk in ( 2 )  

Tendon ( 2 )  

& 18  days i ncuba t i on) • 

Scars from wounds transve rse 
or long itud inal to 
Langer ' s  l i nes . 

2 day Dermatosparac t ic 
( and control ) • 

2 day Derma tosparac t ic 
( and control)  • 

Horse Flexor Tendons ( 4 )  24 h '  1 '  4 '  & 8 w '  10 ' 11 ' & 
14 mo after i ntr atend inous 
injection wi th bacterial  
col lagenase ( and control s) • 

Hu:nan Umbil ical cord ( 3 )  
Palmar fasci a ( 3 )  

Normal neonate . 

( 1 )  • 

( 2 )  • 

( 3 )  • 

Normal fascia , Dupuytren ' s  
contracture and 
Dupuytren ' s  nodule . 

Dr . A . J . Ba i ley, Meat Research I ns t i tute , Br i stol , England . 

Drs . B . Brcdsky and E . F . E ikenberry , Rutgers Med ical School , 
P i scataway , New Jer sey, U . S .A .  

Drs .  M. H . Fl int and A . C . Poo le , Dept . of Surger y ,  Med ica l School ,  
Auckland , New Zealand . 

( 4 ) . Dr . I . F .Wi l l iams , Dept . o f  Pathology, School of Veter i nary Sc i ences , 
Univers i ty of Br i stol , England . ( see also Append i x  5 )  

Al l t issues other than the 
after glutaraldehyde 
epoxy res in embedd ing 
freeze-d r ied . 

sea cucumber Cuv ier ian tubules were suppl ied 
and osmi um  tetrox ide fixa t i on and subsequent 

in Epon 8 12 . The Cuv ier ian tubule spec imen was 
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APPENDIX 5 

BACTERIAL COLLAGENASE TREATED FLEXOR TENDONS FROM HORSE . 
EXPERIMENTAL PROTOCOL ,  CLINICAL AND POST-MORTEM OBSERVAT IONS . * 

An imal s :  Exper imental ponies were housed i n  small groups i n  indoor 
pens or at grass . 

SUper f icial Digital Flexor Tendon Injury: Acetyl promaz ine 
(Acepromazine C-Vet Ltd) 0 . 1  mg/kg , was adm in i s tered as a tranqu i l i zer 

by slow intravenous inj ect i on and prov ided some degree of analges ia . 
Reg ional analges ia of the forel imb d i s tal to the carpus was obta ined 
by block ing the lateral and med i al pa lmar d ig i tal nerves j ust below 
the carpus , w i th xyloca ine solut ion (Xylotox�Wi l lows Franc is)  in each 
case . The hair was cl ipped over the flexor tendons in the m id- carpal 
reg ion and the sk in prepared with alcohol ic chlorhe x idine gluoonate 
solut ion (Hib i tane ICI ) . Inject ions of 0 . 5  ml ( 10 mg/ml) col lagenase 
were made at 3 s i tes l cm apart into the centre of the super ficial 
digi tal flexor tendon ( SOFT) in the mid-carpal reg ion . 

Exper imental Design :  Fourteen animal s were used i n  the 
these one was killed at 24 hours , one at l week , one at 
one at 2 months after injury.  Four animal s were k i lled at 
four at 6 months and two at 14 months after injury. 

study . Of 
l month and 

3 months , 

C l i n ical Assessment Dur ing Recovery f rom I njury: Wi th in 6 - 8 h of 
intratendinous enzyme injection animals showed signs of cl inical 
lameness and the inflammatory reaction conti nued to develop dur ing the 
subsequent 18 h .  The affected EDFT was expanded by inf lamnatory fluid 
and haemorrhage to between 2 - 3 t imes i ts prev ious s i ze ,  and had a 
character istic bowed appearance s imi lar to that of  naturally occur ing 
spra ins in the horse . Within a few days the heat and inflammatory 
swell ing of the injured leg had part ial ly subsided but the tendon 
remained enlarged , soft and malleable . OVer the next 2 - 3 weeks the 
sof t t i ssue i n  the inj ured areas was replaced by f irmer scar . There 
was no obv ious regression in the s i ze of  the scarred tendon up to 2 
months after injury , but lameness was mi nimal at that t ime and had 
d isappeared by 3 months . 

Pos t  Mortem Examination : At the appropr iate t ime after inj ury the 
hor ses were mechanically stunned and ex sanguinated . The l imbs were 
d isart iculated at the carpus and the tendons severed at the joint .  
Spec imens o f  tendon and peritend inous tissue were taken from standard 
s i tes in relation to the injury and from the same sites in the control 
leg . Examinat ion of the inj ured SDFT 24 h after injection revealed 
severe damage ,  extens ive haemorrhage and exudation ,  although the deep 
flexor tendon remained una ffected . l'bst of the injured ti ssue and 
thrombus had been replaced by g ranulati on t issue l week after injury 
and after a further 3 weeks haemorrhage and exudat ion had been 
completely organi zed or removed . New g ranulat ion t i s sue w i thin the 
tendon had resu l ted in cons iderable enlargement of i ts cross-sectional 
area both 1 and 2 months after injury . The pe r i tend i nous ti ssues were 
adherent to the tendon and the appearance of the les ion was not 
d i stinguishable from that of a natural trauma t ic injury in a cl inical 
case of severe tendon spra i n .  The morphology of tendons taken from 
exper imental pon ies 3 months a f ter inj ury was very s im i l ar to that at 
2 months , al though the cross- sectional area of the scarred reg ion of 
the SOFT was not as grossly enlarged . Th icken ing of the SOFT never 
regressed to less than twice the cross- sectional area of the 
contralateral (control) tendon dur i ng  the 14 month per iod of hea l i ng  
under exa�inat ion .  

* Thi s  append ix has been taken 
McCu l lagh , K . G .  and Si lver , I . A .  
a nd  I I I  col lagen and f ibronectin 
Connect . Ti ss . Res . ( in press ) . 

d irectly from Wi ll iams , I . F . , 
1984 . The d i str ibut ion of Types I 

i n  the heal ing equine tendon . 
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