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' A)hSTRACT
.ElectrOH”miéroaggpit studies of the ground'ﬁubstance component '5
of connective tissue obtaineq from various sites and spe A_haye_.

- .

demonstrated definite electron dense morphological patterzs of 8lycos-

-

aminogiycan moieties of proteoglycans in close association with collagen

fibrils.. The purpdse of this investigation was to detErmine if similar

L4

morphological patterns of glycosaminoglycans also exist in close

assdciation with normal (that(}s, clinically free of disease) perio-
‘ .

dontal collagen fibrils in close proximity to the coronal'portion of the

) »

' cementum and ‘the apical portion of the epithelial attachment. The

i
fibrils of concern were those belonging to the dentogingival, the

circular, and the alveolar crest principal fiber bundles. ‘A study of.
this nature is important because knowledge pertaining t glycosamino-,

glyéﬁns of non—pathological periodontal ligament is an essential pre-

L

liminary in the understanding of the significance of any change in these

substances should it occur in pathological situations.

In this.study, 1/2 millimeter bucco-lingual sections of tooth

and periodontium weraﬂ%btained from rats fixed and stained by vascular

perfu31on with glutaraldehyde and ruthenium red Additional 1/2 milli-

¢

meter tissue specimens of rat molar periodontal ligament were obtained

by excising fresh gingival tissue above the bony alveolussand then

)

stripping the tissue. away from the cementum.. Then all "the tissue speci-
s

mens were post-fixed by immersion in osmium tetroxide and ruthenium rbd

according to Luft, (1964 1965)

(
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bections cut
] | - | e |

from gingival'tissue-obtained by-the secOnd method did dem ttate

seen as four forms‘ interconnecting fine filaments extending approxim—'

. : . . L
adequate electron density for study. These electron dense d )

ately at right angles between collagen fibtiIS' a;net—like an’angement of
fine filaments in interfibrillar spaces,‘spherical masses apparently

situated at specific minor banding sites within the major periodic 640

repeat banding of the collagen fibril; and dense coats surroundépg
doriagen fibrils Testicular hyaluronidase, papain and saline incubation

of- ttssue specimen blocks«followed by exposure of the specimenS*to the
T dﬂ
: AN
two ruthenium red c0ntaining fixatives resulted in a decrease in the

-

thickness of denfe coats, partial loss of,sphericalnmasses end finp Fila< -

ments; and complete absedte of ‘the: £ilamentous network It is*concluded
that these effects after enzyme and saline‘treatment indicate that the
dense coats are probably domposed mainly of dermatan sulfate; ,the"
spherical masses and fine filaments are. probably chondroitin sulfates

and/or hyaluronic acid, and the net- like arrangement of fine filaments
is probably hyaluronic acid ) L \ \\ : - )

However, it is not certain if these observa ions represent the

.

.true morphology qfiglycosamlnoglycans in the native tatg,since cationic
.dye produces shrinkage of tissue and distortion of fine structure.'
‘Furthermore, it is quite likely that aqueoas solutions of glutaraldehyde ‘-
like formaldehpde, will extr:ct some glscosamindglycans. Therefore, it

-

is questionable that the electron dense structures seen represent the
vy ‘nu

. total amOunts of glycosaminoglyoans present in interfibrillar spaces.

t e
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> ) . »’ . THE STRUCTUBE AND COMPONENTS ' v .'f;."
L OF THE PROBLEM AREA ° | _ | ,
e i,,k‘f'?_, o . ° : - ’ .._‘,'-A.-_."__‘___,,A.i‘_____;_i,_ U SN U
L. ’ . . . ' ) .
. . The. periodontium is ‘a term encompassing;the gingival epithelium,
. h\ . .
the alveolar bone, the cementum of the tooth root and the fibrous e
Lot « LR B A
.=&jconnective tissue of the pqaiodontal ligament space and the supra-
. 4 I L .

alveolar region (Figure l) The supra—alveolar connectiug“tissue'

comprises the mesodermal structures of the gingiva coronal to the crest
A'V\'.,' i
7of the alveolar bone and the periodonbal ligament is the«fibrous tissue -
. ‘J :
\‘9 that’ lies hetween the root of the tooth and the bohy alveolus (Goldman

¥ -

v,and Cohen, 1973) The maJor functlons oﬁ-the fibrous connective £issue
of these two areas are: to support the tooth in the bony alveolus, to
iibrace the marginal gingiva against the tooth in order to re51st forces.‘

. uof mastication, and to unite the free marginal gingiva w1th the cementum

of the root (Glickman, 1972) Like fibrous connectlve tissue of other,'

.

anatomiCal sites, it can be- divlded into cellular and acellular compon-
3 .. B ]

.-;ﬁents;v.Further subd1v151ons.are possiblé‘df the‘former into cell types
.and the latteriinto fiber: components and‘the amorphous ground\substance.
The main- cell is the f1broblast whlch, through active protein
synthesis, produces thehintercellular fibers and most, 1f not all, of
: I'the components of the amorphous ground substance (Leeson and Leeson,_

_1966). After the flbroblast has ‘made its qubta .of 1ntercellu1ar sub- |

. stances, it-becomes a non—active fibrocyte‘in the.sense that the only
‘» . .“ . : . l .~ ,

.
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protein synthesis is for intracellular use (Ham, 1965) Other'cells

R

normally found within the periodontal fibrous connective tissue include

I' i

mesenchymal cells mast cells, and numerous macrophages (Goldman a?d

Cohen, 1973)

N

The fiber components of the periodontal connective tissuencon-“

sist of collagen, reticular, elastic and oxytalan fibers. ,The term

- fiber with regard to the‘low power light microscopic appearance of

collagen is used to describe straight or slightly wavy threads or

ribbons varying, ] between 1 - 12 microns in diameter. At high magnific-

ation, the fibers are seen to be made up of a parallel array of several

finer threadslknown‘as‘fibrils which measure 0.3 - 0.5 microns’ih

 diameter. ‘With the electron microscope (EM), fibrils are showh to be

]

~ composed of still smaller macromolecular units. These smaller units are

1

generally called microfibrils. They in-gprn'are composed -of a'parallel,

overlapping, aggregation of several-tropocollagen molecules, a rod-like -

s
structure approximately 2800 A in length and 15 A in diameter. The

, microfibril so foxmed varies in diameter from 400 - lOOO A and exhibits

a characteristic cross banding about 640 A apart in thin sections from

co

fixed connective tissue (Ham, 1965; Leeson and Leeson, 1966 Scott and

¢

Symons, 1971) : ’ o .'., . B ST .'—

-

,extracellular fibrous elements much smaller in diameter (40 - 120 A)

than the -EM collagen microfibril w1th the 640 A perlodicity These

e
R
‘v'\

ultrastructural units are found in high concentration around elastic
v.

fibers and beneath.eplthellal_basement laminae with lesser concentra-

Ttions among the~larger EM‘collagen microfibrils. . ghey frequently

branch and some appear beaded while others resemble flattened tubules

o . e 2

However " Low (1961 19622 used the term m1croflbril to describe



\

\\,

\

3,

3 .

with irregularnvariationsbof.gidth.u As ‘a- result of the beading and the

close proximity of microfibrilsnto fibroblasts in growing tissues, it
has been interpreted that this indicates a collagenous nature (Low, 1962
Haust,ml965 Haust and More, 1967 Hashimoto, 1967). .

Recently, Vies and Bhatnagar (1970) provided,electron micro-

scopic ev1dence of a "limiting microfibril system" with diameters of

o —

T T I

30 - SO A which are assumed to be composed of unit assemblies of five
4

collagen molecules as suggested by the geometric model proposed by

1
Smith (1968) When several of these £ive molecule filaments are packed

together with thbir repeat periods in register, they form the larger

unit collagen fibril with the 640 A cross banding. ‘x*-;
Therefore, in this thesis, collagen fibers and fibrils visible
with the light microscope will in future be collectively referred to as
fibers and the term fibril will be reserved for collagen units measuring-
250 - lOOO A in dlameter w1th a dlStlnCt 640 A periodicity v181ble in
the EM The term m1crofibr11 will then be used exclu51vely foF beaded

filamentous stTuctures measuring 40 - 150 A in diameter, which are

~ . . .

- .

assumed to be of a collagenous nature.

The collagen fibers of the periodontal ligament spaée and supra--
alveolar region are organized 1nto two forﬁ% according to their histo- .
logic appearance These are the bundles of collagenous fibefs which

pass from the cementum of th\\tooth root to the compact bone’of the

tooth sdéket, to adJacent teeth, or towards the ginglval epithelium

-~

surrounding the - cervical region ‘of" the tooth, and the loosely arranged '

-collagen fibers ‘of the lamina propria beneath the ginglval eplthellum,

E -ty
/

plus those fibers surrounding blood vessels and nerves located through- :

-

out the: flbrous connective tissue. The distinftly orientated collagenous-
;‘ . .

¥,
L3
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bundles are referred to as "principle fibers" and in the region descr[bed
as the‘supra-alveolar connective tissue, these fiber bundles on the
buccal aspect of the tooth (Figure 2), because of their origin,

direction and location, are known as (a) the superior fibefs of the

r
N,

alveolar crest group; (b) the dentogingival group Béginning'in the

' cementum from below the cementum-enamel Junction and running out a short

* vessels and nerve'fiberé'(Goldnan and Gohen, 1973)}

eollectively referred_to as the '"gingival periodontal ligament."

distance at”right angles tokthe cementum‘surface, then fanning out

occlusally, horizontally and apically to join with the lamina propria

fibers‘of the free and attached gingiva, as well as the periosteal

fibers covering the buccal surface of the alveolar bone; and (c¢) the

circular fiber'bundles surpounding the tooth at a level above the crest

PR
|

of the alveolat-bone. A the function of the dentogingival and circular'

fiber bundles is to hold the gingiva tightly against the neck of the

tooth, loss of integrity in these flbers will result ln the formation

of "pockets" between the tooth and glngiva. For convenience, the

collagen fiber bundles of the supra-alveolar.region will henceforth be
Reticular fibers are branehing elements of.émall diameter and .

probably are young or immature.collagenous fibers since, when‘egamined

in .the EM, they exhibit the same Periodicity of the eollagen fibril

(Léeson“and Leeson, 1966' Ham, 1965). 1In the developed periodontium,

they are found beneath the basement lamlna in a narrow area adJacent to

the’ ep1thel1um.. Reticular fibers are also found investing small blood
. N\

:

True elastic f1bers are presept only in the walls of arterloles

and arteries (Scott and Symons, 1971), but oxytalan fibnils w1th a

lmer and Lillie, 19&5}?\ re . .

diameter of approx1mately 100 A

)

-
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considered to be a variant of elastic tissue. (Fullmer, 1966). Oxytalan

2 i . e

fibrils insert into the cementuh and q&tend outward in the same direction
o

B ! . . \
as ‘and at vatious angles to the colla eq,fibrils; but they do not extend

to adjacent{EEeth or adjécent‘bode (Fullmer, 1961). Carmichael (1968)

observed that ‘the majority of oxytal n fibrils were distributed between

=

blood vessels and either cementum ox gingi&&, which suggests an anchor-

for forces of cbmpreséion.iikely to

ing function necessary to tompensat

create vessel distortion. , . “ !
. “ .
The. other important constituent of connective tissue, the :

"amotphous groundréubstahce," evolyed from the word "Grundsubstanz" -

coﬁceived by\Eutopean histologist 'in the_lattér'half;of the nineteenth

century. .The original concept of Crundsubstanz, literally meéaning

"fundamental substance," was a primordium from which cells and fibers

-

of the conniFtivé tissue are formed. In contrast, a second .term con-

ceived in the same é?ha\::e."fi,er cement substance,' referred to a

mucinous medium-binding Wwogether the formed eléments of éonnegtive -
In later‘years, with the translation of’Grun&substanz to ;

yd
Ve

‘ luids which can be temoved by drainage (Schupe;t and Hamerman, 1968).

The nature of the intercellular'matrix or ground substance of

loose connective tissue was a controversial subject for many years. Some

&

o
i
IS e
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investigators believed, that the collagenOus and elastic fibers were

. g

embedded.in a jelly-like, amorphous substance somewhat felated to the
. ))\

.firmer cement substance holding the fibrils together. as fibers. The

Fl

matrix embedded fibers were arranged ianQh&llae or membranes separated
S< . v

) 'by spaces filled with a minute amount of tissue fluid Other investi4

ié_n—~gatorS“aCCEpted“the lamella¥ arra'\'

wit of fibers, but denied the o

' existence of a fiber embedding amﬁ&phouq substance. Instead\ they

e
claimed the spaces between the fiber lamallae were - filled entirely with

.

.a liquid colloidal mass, continuous wrth the tissue fluid (Maximbw, '1930).

This debate was resolved by Bensley (1934) who demonstrated that

I} w A
‘ .

subcutaneous injections of fluid and paramoecia resulted in neither |

f
s

flowing away of fluid nor spread of the organisms as might be expected ‘
if there were no barrier of amorphous material present. . Using differ—
ences - in microscopic refractive indlces, she observed an interface
) i . -
. between the 1nJected f1u1d and the material of the tissue space surround-

. 4,—rﬂ'

1ng the fluid. She suggested that this Vinterface rwas caused by &

&

viscid substance resembling mucins as indicated’ by megach%omatic stafhing
? oW & 3
of the intercellular areas. Thus, it became clear from hex obserVatidns &
‘ . A . ®)
that there was- an amorphous substance, more viscid in nature than‘tissue S0
R : #-

fluid which embedded the cells and/fibers of lo\se connective tissue. e

However, the 1nterce11ular ground substanck of connective tissues

<

in. general is far from amorphous in structure, or chemically'elementary

e

in composition. ‘Gersh'and Catchpole‘(l960).defined the term ground -

substance'as "a”placevname for macromolecular aggregates which embrace
a number of chemical substances." Investigations with the method of
tissue culture (Grossfeld et al., 1957 Matalon and. Dorfman, 1970;
Shulman and Meyer, 1970) indicated that some dghthewa”gfbund substance

¥
components originate from the fibroblast cell. Radioautographic and-
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histochemical methods whghave been well - re\gewed by Curran (1960),

L]

Quintarelli (1965) and Spic&r and Htg‘nsom@(l%?), have also been of value

¥
in. determining ‘the locat:iop of uiany ofﬁ‘ thesq chemical substances con-

.tained within the ground substa'nce. Biochemical investigations: (Meyer

.
et al. y 19563 Hoffman et al. Y 1958a), alt’ﬁough giving no information

.', identified by biochemical tethnlques.were classified (Table’ 1) into the

]

J

’ l
i

¢

4

i

about the - intercellular locatiog i.n ‘the” connecx\ive tissue have resulted
! s

'in the identification of thé chemical and molecular struc.ture of a large .

-
\

frariety of these macromolecu,les of# the gﬁ'ound Substance. According to-
older terminology, (ose compon&ts oﬁg the ground substance thus far
. ‘/ i "

u

®
groups of mucopolysaccharirs, gl“ycoproteins ‘and the transient chemical
) w

population derived from the blo% n&local parenchymal cells. . The muco-

polysaccharides and élycopiateinsmccur in nature as carbohydrate—protein
s g
complexes" however, thereghas been a grea,t dea.l of confusi’onvconcerning
A o

;,the trge me,anings of‘ these tei’ms because of. the many workers in this :

field; each of whom has defined- these substances in ‘his - own way.

. . v § b .
\\ For example, tfie term mucopolysaccharide" has, at various times,
’ |
been ‘}xsed to de31gnate a h’xosamine containing polysaccharide occurring-. -
& _ S

free:/‘or as a chemical? derivative of a Fubstance of higher molecular

weight: (Meyer, 1938 1945) or as a protien—carbohydrate. complex whose
reactions ‘are predominantly polysaccharide (Stacey, 1946\

/Another term, mucoprotein,ﬁ appearing frequ.ently m classific-'

T ations has added to the confusion due to its ambiguous usage.' In one

o

class1f1cat10n it was synonymous w1th mucoids whlch vere mucopolysacc—
DN N

a

'harides in firm chem1cal union with a peptide where the polysaccharide ‘

hexosamine content is greater than 4 percent (Meyer, 1945) Muco— e
4\ h :
proteins were also defined as protem—carbohydrate substances whose
/ .

-

reactions are predominantly protein (Stacey, 1946; Kent and Wh1tehouse,‘ '

< "
Y:‘.

\:;
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‘Table 1. Ground ‘Substance Components of ‘Connective xéssue (from Meyer,

1945; Bettelheim-Jevons, 1358; Gersh and Catchpole, 1

"Il

¢t III.

. N
Mucopolysaccharides:

A. Neutral Mucopolysacchérides (dq.

(.3
B. Acid Mucopolysaccharides
- 1. Hyaluronic acid
f
2. Chondroitin sulfates A, B and C NP,
. .. R . ' gy
3. Chondroitin’ . :
4. Keratosulfate . - : N .
y Q :
5. ‘Heparitin sulfate ' .
oo TR
6. Heparin - ' : )
. L |
Glycoproteins -
\ "
Derlvatives from Plasma and. Local Parenchymal Cells
e ‘Water and electrolytes ‘ ‘ ._ ' 4

2. Serum proteins including antibodies
3. Enzymes
é.l Hormohes and vitamins

5. Products-of cellular metabolism




1955). Furthermore,

saccharide-protein complekes (Meyer, 1953).
In"or&er to arrive at sbme standardization, Jeanloz\(1960) prop-
osed that the prefix muco" be completely eliminated .from the chemical

nomenclature and that there be five groups of macromolecular complexes

contalning carbohydrate components. Only the first three groups will be

described, as the fourth and fifth groups belong to the class of glyco-

~

lipids common to nervous tissue. The first three groups are listed as:

.1, pure polysaccharides (e.g., hyaluronic acid, chondroitin
sulfate, @gtc.)

2. 'polysaccharide-protein compleées where the attachment is a
. weak salt type linkage (e.g., chondroitin sulfate-protedn
: complex, etc. )

3. glycoproteins deflned as carbohydrates attached to a poly-
peptide by a strong covalent. linkage (e.g., mucous
.secretions, blood group substances, etc. )

The relative ease of separating the components of Group 2 was

taken as ev1dence of the existence. of weak links. The elimination of

the preflx '‘muco" was-achieved by substituting the terms "glycosamino—

\

glycuronoglycans for the group known as acld mucopolysaccharldes and

"glycosamino 1ycans" for the amino sugar contalning polysaccharides, as
$ 8

ruled by the Amerlcan Chemical Society Subcommlttee on Polysaccharide

'Nomenclature. -Thls has gained wide acceptance by the majority of

, \
workers in this field

) Gottschalk (l962),vw1th his definition of a polysaccharlde—

proteln complex and a glycoproteln, added further enllghtenment towards

the. categorlzatlon of these substances. He descrlbed the carbohydrate

m01ety of a polysaccharlde proteln complex represented by hyaluronlc

" acid,’ the chondr01t1n sulfates, etc., as be1ng composed of heteropoly—

- saccharides characterlzed by. a small regular ‘repeating un1t and a high
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, degfee of polymerization. He further states that the cafbohydrate of a

%
\glycop otein is of. relatively low molecwigr weight and is composed of

one or two or as many as eight ‘hundred heterosaccharides Each of ‘the

heterosaccharides is made up of two or more different,sugar residugs

llacking a short tepeating stfuctnre and many possess a sialic acid

group in a terminal position. In addition, Gottschalk (1966) reported
that the distinguishing_feature of strong and weak linkages of the
Jeanloz (1960) classification is noi}pnger tenable for there is little

doubt that- covalent linkages are also present- between the polysaccharide—

protein co plexes. .
Pearoe (1968), taking fnto account the definition of poly-

saccharide—pro ein'complexes andlglycoproteins proposed by Gottschalk

¢1962), modified mainly the polysaccharide class (Group 1) of Jeanloz'

scheme. The general name of "glycans" was given to this division and

subdivisions were created based on ‘the number and types of monosaccharide

comoonents. Included in the subdivision‘of>heteroglycans (two or more

monosaccharide components)cwefe the‘glycoéaminogiycuronoglycans.(e.g.,'

.. . R \ *.
hyaluronic acid) and the glycosaminoglycans (e.g., keratosulfate and

1siaidg1ycans).' The. term "g1ycosaminoglycuronoglycans" aptly describes

. a polysaccharide with amino sugars and uronic acid components. However,
- ’ ) t . ’ . Fy . ".. '
it is unwieldly to use. In addition, albeit this classification is.

’concise, it is felt that such elaboration'is-not necessary for this .

study because many of the various subdivision macromolecular components

are not preSent inlfibrous connectiye tissue. Therefore, as kerato- —

sulfate is the only connective tlS ue membér of the glycosaminoglycan

de31gnat10n,'the snggeSted terminglogy of Balazs (1970) w1ll be -adopted

in this 1thesis (Table 2).

Hence; glycosaminoglycané'will be the group name_ for the
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Table 2. A Revised Cla$sification of Ground Substance Components (Based :
on terminology from Balazs, 1970). ’ :

1. Glycoproteéfns, (GP) .
2. Neutral Hetefoglycans (NH) for neutral &ucopolysaccharides .

3. Glycosaminoglycans (GAG) for acid mucopolysaccharides

a.” Hyaluronic acid (HA) \

b. Chondroitin (Ch)
. < _ :
c. Chondroitin 4-sulfate (Ch 4-S) for choﬁd;oitin sulfate A

d. ;Chondfoitin 6=sulfate (Ch 6-S) for chopdroitin sulfate C

Le.‘ Dermatan sulfate (DS) for cheﬁdroitin shwlfate B
f. Kerafan sulfate (KS) for keratosulfate
g- Heperah sulfate.(HS) for hepa;itin‘ hlfate
h. Heparin (H) . ~

b, ‘Proteoglycans (PG) forwpoiysaccharide—pr ein compleies
a. Proteehyaluronic acid |
b.v quteoeﬁondreitin Avsulfate.(PCh.4—S).
c. Protzbehoﬁdroitin.6-sulfate (PCh 6-8)..

- d. Proteodermatan ;ulfete (PDS)

e. _Proeeokerataﬁ-sulfate'GPKS)
f. Proteoheparan sulfate (PHS) . ‘ R -

gfu,Proteoheparln (PH)
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chemically isolated acid mucopolysaccharides. Specific reference to

)

members of the group will ' Be by trivial name, e. g ’ hyaluronic acid
Whe former trivial names are also updated, e.g., chondroitin sulfate A

- changed ‘tp chondroitin A—sulfate, etc. The complexes formed by the

covalent-iinkagefof'therglycosaminoglycansito“a‘polypépfidé“ﬁill_be'knoﬁn'f' -

as "proteoglycans" rather than polysaccharide—protein complexes. The
glycan moiety of the macromolecules known'by the name p‘otegglycans are

well defined polysaccharide entities and, when specific~attention is

« \
.required in the discussion, the prefix ' proteo will be ‘attached to the
A ]

trivial name of the polysaccharide, e. g , proteokeratan sulfate (PKS),.

--\.1 .

- v

proteochondr01tin 6= sulfate (PCh 6- S), etc. In case more than.one type

of glycosaminoglycan is covalently bound to a'protein, the name will be:

for example;“proteokeratan.chondroitin 4-sulfate (PKS~Ch 4-S): The

\
glycoproteins will include: those carbohydrate-proteln complexes that fit

Gottschalk s definition described in the text (page 33) There is no ,

) synonymous term for the carbohydrate component of a. glycoprotein!éike

= o
glycosaminoglycan for the ‘polysaccharide portion of a proteoglycan.

Hence, with regard to the histochemical reactions w1th the carbohydrate

components of both . proteoglycans and glycoproteins, the term glyco- ’

(Ezoij;:s:ii: be used with the understandlng that in’ this 1nstance

.refer being made “to its carbohydrate m01ety An additional term

- not found in Balazs' nomenclature will be neutral heteroglycan," It is .
S R , N . C

felt that,as.neutrgl mucopolysaccharides were distinct entities in older

classifications, some term should be used in reference to those poly-

g saccharides described as being composed of neutral hexoses and hexo-
4 B .

e e M . *

samines.

The or1g1n, location and 1dentif1cat10n of glycoproteins and

samlnoglycan m01ties of the proteogiycans distributed w1th1n the -
. . e '

R~
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an attached sulfate group andvthemhexuronic component 1s‘replaced by a

a

_periodontal fibrous conhectiveftissue has also been achieved with radio-

o . . -

autographic'methods (Mancini et al., 196l4<Baumhammers and Stallard, oo
1968), histochemical methods (Dewar, 1955 Quintarelli 1960 Engel et

al., 1960; Fullmer, 1961) and biochemical methods (Schultgiﬂaudt et al.b -

1961 1964 1965 Thornard and Blustein, 1965 Kofoed and Bozzini 1970'

.J

" Munemoto et al., 1970) Similar to other types of connective tissue,

glycoproteins and.glycosaminoglycans of the_gingival oeriodghtal ligament

[l

are important structural components. However;'much moqghis known about
the glycosaminoglycans because with biochemical"methods'they are iso-

lated. from all types of“cdnnectiye tissue with greater ease than are the

glycoproteius; Hence; the glycosaminoglycans isolated biochemically from

-,

the gingival perlodontal l1gament have been 1dentif1ed as Hyaluronic acid

(HA), Chondr01tin 4—su1fate (Ch. 4~ S), Chondroltin b6-sulfate (Ch 6- 8)4

‘ \'

Dermatan snlfate (DS),'Heparan sulfate (HS), and Heparin (H) (Table 2). -

All ofcthesefafe,polymers of a regulagqrepeating disaccharide composed

of a uronic*acid and au amino'sugat’ which, in most.oﬁ'these polysaccha-
i3 - - £ V
rldes, has an attached sulfate group (Flgure 5, page 49)

The neutral heteroglycans are con31dered as hav1ng a strucﬁure

51m11ar to the glycosamlnoglycans except that the hexosamlnes never have

’
A

neutral sugaf (Zugibe,hl970)J' - a B

¢

‘ Hexuronlc ac1ds are derlved from 51mp1e hexose sugars by oxi-

[

datlon of C6 to a carboxyl group. ThlS group confers weakly acidic

properties on polymers containlng it, provided it.is free to ionize. A

i

hexosamlne 1stder1ved from'a hexose sugar by the replacement of one of
' “

' the hydroxyl groups (usually that on C ), by an amino group, NH (White,

. acetyl group attached so,that the resultlng structu;e (—NH . CO. CH3)

Handler and Smith, 1968)3 In addltlon, the amino group usually has an.

P

Sa
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\\‘ ‘at the pH 6f-tisSue\d0es not attach a'proton and cannot- become positively
. . . . . v

¢
.

harged or.cationic (Schubert--l964) ' The hexqgamfhes that are sulfated

i
'

d have this acid group attached by an ester link to either C4 or C6 of the
pyrandsaﬁring structure (Hoffman et al., l958a, 1958b; Jeanloz and -

Stoffyn, 1958, Suzuki, 1960)i The acidic character of heparan sulfate

’WAHG'hEpéf{n“iE“énhénEé& by"EéplacementmaffthéwhéiBEBEiHEﬁaéétyi gr&hp*

with a sulfate group. (Brimapombe and Webber, 1964 Cifonelli 1968)
L

wI
The ;egular distribution of these sulfate and/or carboxylate groups
,along the polysaccharide.chains confers a commog}polyanionic,character
“w e g . ) : - e l
" to all the glycosaminoglycans.’ These anions are, always assoclated with-
\ S -

. Q
" yan equivalént number of-c :lons, called counterions, which can readily.

Al

be exchanged with other tissue\cations,. depe ding upon their concentra—'
tion and valence (Schubert, 1964)___Ehg,eﬁuiferion exchange is .the basis

upon which histochemical cationlc dye moleculés attach to anlonic groups

of the glycosaminoglycans, thus producing in situ staining ' The more

catlons present as 1n trivalent dyes, the greater is the competition for

the’ glycosaminoglycan s *anions and the‘more anions present as with ’

(- A ' R : . ' e
" chondroitin and dermatan sulfates, the greater will be the intensftp‘of

42

Lo
Te

staining. 'However, other tissue COmponents with anionic group5‘wou1d'
s R o
‘also stain. Thererore, agents with specific action against.the glyco-

]

saminoglycans must be emplbyed asrcontrols~in order’to determine what

area of the tissue section has. stained as.a result of thewpnesence of
glycosaminoglycans.” A‘frequently,used method is the preventiqn of
glycosaminog{ycanacounterion binding H?:treatment of tissue sections’

2

.Witq methan l containlng HCl (Fisher and Llllle, 1954); This treatment.
.15 known .a methylation and 1t completely removes sulfate groups by

produc1ngffree acid methyl sﬂifates; but the carboxyl anions are only
” ‘temporarily'blocked_by their on site conversion to methyl esters.
. - . . ) ) ) o - -j’ . . .,‘A . o



o connectlve tidsue. .

'varies with' the histologic appearance of the tissue. Therresence of

‘recent studies o

Ty ‘. K H - | .16

u

Biochemical studies ‘of glycosaminoglycans isolated from

.

different types of connective tissue (Meyer et al., 1956) and rat tissues.

in particular (Kofoed et al., 1968 Kofoed and Bozzini 1970) ‘have

provided evidence suggesting. that the proportion of each glycosaminoglycan

about 20 percent of Ch 6-5 in embryonic pig skin ‘and 1its decrease to just

a trace in th# adult (Loewi and Meyer, 1958) suggests that Ch 6- S appears

'.in conjunctiod with thevfinepimmature collagen fibrils. In\rat tissue,

~
~

Ch 4-S was by fiar the major‘constituent in tracheal cartilage, which has -

proportiOnately more ground substance and celf%lthan‘collagen;fibers,_

" whereas the connective tissues of rat skin and gingiyajhave more'cqllagen '

- .
fibers in proportion to'ground substance-and a high content:of hyaluronic

‘acid followed by a lesser amount of dermatan sulfate.
‘As nentioned previously, the glycosaminoglycans do not occur in

tissues as free polysaccharides but ex1st in the native state linked to .

\/§

varying amounts of a non—collagenous protein. The sulfated glycosamino-f
ar’

glycans are covalently llnkgd to the protein by way of a glyc051dic bond S

g of serine (Roden and

between a terminal xylose residue and the hyd

-Armand 1966) ® The structure of the linkage region is 111ustrated Jdn

Figure 3 (page 22) . The non- Sulfated hyaluronic acid may have either anc

electrostatic or ¢ovalent 11nkage to: the associated protein. Several

-

animal HA tend to’ favour its covalent b%nding ‘to the
‘protein (Wardi et al., 1966 Margolis,>1967 Swann, 1968 Roden and 7
Mathews, 1968)._ However,'until a linkage region has been.isolated and ~

characterized,'a cOvalent link‘between_hyaluronate and_protein cannot be

. . N

_resolved fLaurent , 1970) These compounds of carbohydrate and protein

it

khown as prote glycans ‘would have definite shapes and functions, in

TN
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From studies using various techniques, it has been deduced that
in solution, proteohyaluronic acid and the proteochondroitin sulfates ~

extend as diffuse molecules throughout a volume of.the solution called

,

their domain that is large in comparison to the weight of the molecule

(Schubert 1964) Data from sedimentation and streaming birefringence“..

i S S

measurements (Ogston and Stanien 1951 1953) along with light scattering

'measurements (Laurent and Gergely, 1955; Rowen et al., 1956) has confirmed
. that the proteohyaluronate molecule in solutlon has a shape in the con-
figuration of a flexible, randomly coiled, long chain polymer occupying
a spherical ain with a hydrodynamic volume 103 times larger than the
space‘occupied by the dehydrated proteoglycan Experimental evidence
b(Laurent, 1957)° indicates that hyaluronate can bind with hydration energy
only a.small fraction of 1ts weight as water. Therefore, the maJority
of the domain of the hydrated molecule contains water trapped w1th1n the
random c01l conflguration in addition to limited 51zed organic ions f
A(Mathews, 1967). The size of the domain is equal to - the degree of
-flex1b11ity of the randomly coiled polymer and would logically be
'governed by the length of the proteohyaluronate molecule, the 1onizat10n"
of the attached carboxylate groups and the fonic compositlon of the
solvent. In a solution of low 1on1c strength, the net charge of the'
hyaluronate polymer would'be anionic, thus creating greater sniffness
‘of the random c01l due to mutual repulsion of like charges: -Conversely,

‘a diffusion of cationic molecules into the domain would:jesult in a -

reduction of. the net anionic charge of the polymer due to the accumulgtion
of these counterions in c105e proximity to the polyanionic'chain., As a

result of this counterion shleldlng, the repelling force: of the anionic

'charges is decreased and the stiffness of the polymer c01l is reduced

*

_'(Schubert and Hamerman 1968). The random ceoil of the hyaluronate
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molecule also acts .as a sieve by regulating_according to size the - o

diffusion of different: molecules.' Studies by Laurent and Pietruszkiewicz

(1961) on the retarding effect of hyaluronate against a series of.
Q
particles varying in size demonstrated that the retarding effect was

_greatest against particles over 400 Angstroms. A model demonstratinmg. . .. . .

0

_ the spatial relationship_of the proteohyaluronate molecule and the
probahle:manner of_regulation of thc passage of other molecules through
.the ground substance‘gas heen.prOposed hy Balaze (19615 for the vitreous
' hody. The macromolecular structure is pictured as consjsting of a threg
dimen51onal fibrous network made up of collagen fibrils surrounding the
proteohyaluronate random cOils and other ground substance components.
HoweVer,.it is doubtful that a similar modelAof'proteohyaluronate and
.-collagen fibril spatial arrangements could'exist;in the gingival perio-
‘Idontal ligament which, by comparison to‘the vitreous‘bodpx has thick
- organized hundlés of‘collagen fibera and decreased'interfihrillar and
intercellular spaces. | | °
"Mathews and‘Lozaityte.(l958);lusing.light scattering; viscosity,
_andﬁenzymatic,techniques, concluded_that the chondroitin aulfate—protein
" molecule of cartilage-existsfas a rod—like'macromolecular‘unit of four -
million-molecular weight and 3700AX in lengthl From thiS'datanva.model
for the proteochondr01t1n molecule was. conceived (Mathews 1965) in the
-form of a central protein core approx1mately 4000 A in length, with‘SO -
60 curved polysaccharide chalns, each of 50 000 molecular welght and |

contour length lOOO,A, extending perpendicular in all directions, thus

giVing a‘thfee‘dimensional‘B&anched structure like a test tﬁhe brush.

n Y - -

The area occupied by this macromolecular structure is also known as its'
domain. AAmodel patterned somewhat'after‘xhls,concept is illustrated

in Figure 3. The protein-chain is extended and stiffened, and the

¢



- polysaccharide chains, although they also have a slight rigidity due to
the mutual repulsion of anionic charges, still retain the property of
flexibility which is responsible for changes of shape with varying con-
centrations of counterions 2Schubert and Hamerman, 1968) : This conform-
Hation of parts is.what gives the proteoglycans their property—of“viscos-“
ity (Mathews, 1967). various hyaluronidases, testicular, bacterial and
leech will selectively reduce the viscosity of proteochondroitin sulfate '
and/or proteohyaluronate by degrading their polysaccharide chains but
not those of dermatan and heparan sulfates, thus affording a ‘measure of

N
speCifiCity (Meyer et al., 1956 Brimacombe and Webber, 1964) For
-general specificity, papain has been employed as it digests a large
percentage of the protein core of the proteoglycans which allows removal
of the glycosaminoglycan prot;in fragments from the interfibrillar and
intercellular spaces of connective tissue With water washes (Saunders
and Silverman, 1967) | | | |

Although there is as-yet no definite 5upportive ev1dence of the
‘physiologic prOperties proteoglycans perform in connective tissues, o
‘vseveral functions other than the regulation of diffusing molecules have
been proposed, such as: resistance to compreSSion (Fessler, 1960), ion
binding and transfer (Schubert and Hamerman 1968), water retention for'

maintenance of turgor pressure (Rogers, ¢ 1961), tropocollagen aggregation

'in fibrils (Lowther and Toole, 1968), cell growth and differentiation

P
I

(Campani et al., 1959), orientation of fibr0us architecture (Meyer 1960)
and stabilization of ‘collagen fibers (Mathews, 1965; Jacksonnand Bentley,
" 1968). The Mathews model described in the preceding paragraph is assumed o
to be orientated between collagen fibrils with the proteoglycan protein L~
‘core in parallel alignment (Figure 3) The stabilization role is achievedv‘

probably by electrostaticj)inding of the terminal ends of the extended
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polysaccharide arms to the”collagenffibrils. Jackson and Bentley‘(1968)
o T , : . 0 - S

) ) [ . o L ) .0 N

have'argued that'the length of the polysaccharide chains (1000 A) pro-

hibits a close spatial approximation between the closely aligned collagen _

fibrils composing the fiber bundle.. They therefore proposed a modi-
,Ufication oflthe,Mathews proteochondroitin sulfate-collagen interaction.w~—-fA

Following an initial self—aggregation of tropocollagen molecules into a

Q’

fibril of self—limiting size, which is held together by covalent cross-

links, further aggregation of several f1brils is’ produced by interaction

C e )

w1th a firmly bound . glycoprotein. Consequently, a closer spatial .

, : N _ &
arrangement of the fibrils could be‘achieved by the shorter hetero—
. ‘ . . ) \ . " . , . .
saccharide units of the glycoprotein. Then, at a higher order of

magnitude,,proteochondroitin.sulfate and proteodermatan sulfate would

provide stabillty to even larger fibyillar aggregates (Figure 4)‘
Electron microscope studies of glyco aminoglycans in- various connective
tissues of different mammallan spec1es (ReVel 1964;. Luft, 1964, 1965
Curran et al 1965 Seraflnl—Fraca551n1-and Smlth,.l966' Matukas et al., —
“1967' Smith et al., 1967 Highton et al., 1968 Meyers et al. 1969) | |
_have glven supportlve morpholog1cal ev1dence of filamentous structures,

'as well as-small spberlcal bod1es~within'the 1nterf1brillar areas and
bamorphous granular depos1ts in close association- to collagen fibrils.

Although such theoretical model systems of molecular morphology

may explaln the directional orlentation of. collagen fibrlls comp051ng

flber bundles in some types of connectlve tlssue, 1t is: p0551b1e that

other steric relatlonshlps may exist in- connective tlssue of different

‘.-

species as well as in dlfferen types of connectlve.tissue ofS.the same . =~ _

species. The content of collagen, the s@age of development, the protein-

polysaccharide ratio and the concentration of other constltuents w1thin

the tissue;may also 1nf1uence dlfferent forms of prOteoglycanfcollagen
e | - E _ P : 5
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——Figure-3: Model-of the Chondroitin Sulfate=Protein Macromolecular
Structure. - (Patterned after the concept of Mathews, 1965.) To avoid
disarray, less than one-half of the Ch-S side chains are shown. The
model consists of a central protein core to which are attached approxim-
‘ately sixty polysaccharide chains of 50,000 MW and 1000 2 contour length
‘extending outward in all directions to adjacent collagen fibrils. The .
-linkage sequence is suggested by Rodén and Armand (1966). The .attachment
to the collagen fibril is assumed to be by ‘electrostatic ‘binding. . The

. position of the polysaccharide terminal ends at major banding sites,

-although highly speculative for Ch-S, is suggested by the orientation of

- the bovine vitreous body (Smith and Serafini-Fracassini, 1967). .
N-acetylgalactosamine
“glucuronic acid

AGAL
GA

G

Figure 4. Proposed Model of Collagen Fiber Stabidization by Mucoprotein
and Mucopolysaccharide (from Jackson and Bentley, 1968. In: Treatise on
Collagen, 2a. Edited by B. S. Gould, London: -Academic Press. . Courtesy
of the Authors, pp. 189-214). The tropocollagen molecule self-aggrefate
Ainto a:cqllagen,microfibril held together by covalent cross-links. . The

. model then suggesys that several microfibrils are held together by a
firmly bound glycoprotein. At yet ‘a hiéhe:'order of magnitude, proteo-
dermatan sulfate and proteochondroitin sulfate are seen as providing = -

- stability to'even lafger fibrillar aggregates. - :

. - MPS = mucopdlysaccharidé'
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spatial'arrangements. In view of these assumptions, Schubert and

Hamerman (1968) have proposed two diagrammatic proteoglycan models, one

for bovine nasal cartilage and one for bovine nucleus pulposus. These

“ models are similar to that proposed by_Mathews (1965) with- regard -to -a-
central protein core and attached polysaccharide side chains. However,
they differ in that the protein -core of the nucleus pulposus proteoglycan
is about only one- third .the. length of the cartilage proteoglycan and both

vproteoglycans also have very short (200 A) keratan sulfateychains
L .

attached to the protein core at periodic intervals between the longer

R

‘(650 A) chondr01tin sulfate chains. In addition, other mbdel systems
.have been proposed by Webber’ and Bayley (1956), Bernard1 (1957), Fitton
Jackson (1964) and- Partrldge (1966)

* Albeit thete have been light .scattering, yiscosify and
enzymatic techniques,to4giye some supportive evidencElfor the theory of ~
.the manner of alignment oan prOteoglvcan with collagen fibrils: thus |
SUggesting a possible stabilizing'role ‘a similar rqle for the glyco—.
‘.proteins must remain speculative at present due to lack of- physical-
chemical sdpgfrtlve evidence. Therefore. due to the scarc1ty of

: information, acceptance “of any particular model as a standard for all

connectlve tissue should be viewed with reservation.

: evertheless, 1t is quite apparent that protedglycans are an
part of all types of connective tlSSuE’ and the appear fice and
functlon of different connective tissues depends not only upon the

- amount of fibrillar component but also upon the arrangement, the types-

.

and the proportlons of the proteoglycans within the tissue In;addition,-

' although much more supportive ev1dence is requlred these preliminary

-

d studies prev1ously referred to suggest that the proteoglyc%ps have .
. . I/ .

1mportant structural and phy51olog1ca1 roles in. normal tlssue, governed ‘



. . B | - .‘ o
mainly by -the properties of the glycosaminoglyéan moiety.
) L - - The Problem

:.~Due'to these structural and functional roles, it could be

‘suspected that the proteoglycans would undergo alteration in discase
and perhaps-are the first éémponents of connective‘;issue to ekhibit
change..;ﬁven thougﬁbgingival tissqes;presept clinical normality{ in

. ‘many instances.the cgnnective tissue, whén examinéd microsqopicglly,

exhibits a subclinical inflammntory response located adjécent'to the

- _ boundary of crevicular and attachment epitheliﬂg.'-With retrograde change

»progressing to the observable disease state of clinical gingivitis, there =«

>

is an apical migration of’the_epithélial attaqhmentnwith coricomitant

‘ _ - ‘ '
- ~destruction of the g¢ementum inserted collagen fibers of the supra-

| alveoiar regiéﬁ (FigureIZ; fiber groupé a, b agd c). fhié destructive
o érqqéss{fknown as chroniﬁ giﬁgivitis, pfdceeds slﬁwly due té accompanying
.intermittent‘periods of tiss;e repaiy; What then would be the.aCCom- '
panying ;h;ngés, if ahy,_takihg place in:thé‘ér;tepgiycanS?"Are there
¢ .quéntitétiVe changes of excessive amounés due_ts incr;éSed productiéﬁ
fb? éﬁimulatiqh of fibroblasﬁs'és‘noteq’byvthe;effeéts of early granul-
acion:tissué.upon fibroblést culturés.(Balazs and~Holmgien, 1950); or
. are thére.décreased amAunts of prdfedglycans due ké inhibition of _'
., fo;ﬁgﬁipn? In addition,«beéause_of the intérmittent.reparative periods_
iﬁ'ihronic gingivi£is, could there be significant qﬁalitative changes
fisiﬁilar'to those noted in'wognd heéling whe;é thg higher charged‘proteo—
_chbﬁdroitin sulfatés,and‘proﬁeodermétan‘sulfaté iqcreese buti}ﬁe pon; “;
‘vsulfagéd ppoteohygluronigAacid dec;eases-dﬁring the early stages of
vhealingiégentley; i96é)?.'That is, With inflamma;ion of-an extended .

-period, wduid'thgre be a'réversal of the normal ratios reported by

| - ’ } ’

i
-
i
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Kofoed and Bozzini (1970) of hyaluronic acid to dermatan sulfate in rat =
gingival fibrous connective tissue7 If these alterations in proteo- |
‘glycans of the gingival periodontal ligament do occur in disease, it is
»wlogical~to-assume~that~these“change5“should"be“observable”With”the““'“'

electron microscope as changes in the macromolecular morphology providing,

R j -

of course, that definite proteoglycan macromolecular-structures peculiar

’

ito the gingival periodontal ligament do exist.

Therefore, the firsu prerequ131te necessary for interpretation

-
of deviations from normal is to establish in non-pathological gingival
’ >

periodontal ligament_the electron microscope appearance-of different

' proteoglycans and the identlty of their glycosaminoglycan moieties " One

\

couldﬁassume ‘that this information 1s already available by accepting the
resnlts of prev1ous EM studies dealing with fibrous connective tissue

(e g » normal human knee synovial membrane; Highton et al., 1968 Myers

.

et al., 1969) as being the same for the gingival periodontal ligament.

' However, spec1es differences,in‘the distribution.of the chondrOitin
i . ' s . . : :
“sulfates within the same site have been reported. Bovine aorta

'(Bereﬂ%on, 1959) has 51gn1f1cant proportions of Ch 4 S, but human aorta
(Buddecke and Schubert, 1961) contains Ch‘6 S as one of the major con-
stituents. Likewise, pig. skin has lower amounts of Ch 6- S than rat skin

.

‘(Meyer et al 1956) ng aggition Munemoto et. al. (1970) reported-a

fey
y

A: combined content of Ch 4-S®ind Ch 6-S as being approx1mately twice as b.'.>ég
:high as hyaluronic acid.in isolates from.bovine periodontal ligament, .
whereas calculations made from the results reported by Kofoed and .
80221n1 (1970) show that HA is around 60 percent higher than the chond-
r01tin sulfates combined in rat gingival periodontal flbrous tissue.

"However, methods of‘isolation" d1fferent and the gingival samples

- also included. labial mucosa/connecti tissue, which is of a looser

.



“glycosaminoglycans isolated from one species to a different species,ﬂh'h'ﬂff*’m

96

fibrous nature than-the periodontal ligament fibers investigated by -

Munemoto et al. Nevertheless, it is apparent from the other studies

«

cited that it is impossible to relate the types and proportions of

even though the s1te of extraction has a relatively similar histologic

- 4

appearance. Therefore, it is highly unlike{y that the types and

proportions of glycosaminoglycans would be similar for both synov1al

membrane and gingival periodontal ligament connective tissues, for not
only are the connective]tissues,different_histologically, but they are
also located in different-sites‘and'differentlspeciesf

It is not possible to conduct quantitative -investigations with

'the'electron microscope' but, theoretically,'it Should.be‘possible to

Y

_detect qualitative changes in the glycosaminoglycans if they are mani-

fested as structural alterations. The first step would be to demonstrate

glycosaminoglycan macromolecular structures -in specimens of gingival

periodontaL.ligament_with the aid of ,a cationic electron dense compound.
. Of course, to prove ion-binding of the'cation‘compound by the glycos*l
,aminoglycans, comparisons would have to be made with'control specimens

‘treated with an anionic blocking-agent,-folloued'by,staining with the
’ RN . . ' ]

~

cationic dye.. Thenyit’ should be possible to identify those structures

N

cdmpOsed of-either'hyaluronic acid or/;he chond:Eifgn‘sulfates frbmyeA:,

those composed of dermatan sulfate and heparan Glfate by useé of bacter—-
ial and testiculaf hyaluronxdase follpwed by applicatlon of the electron

dense compound. . However, enzyme-preparatlons.are notorious for containing

non-specific proteolytic. contaminants; thereforé, only those products

¢

specified as pure should be employed. An additional consideration which
uould influence the interpretation of’enzymatic results is”the.presegce

of hybrid proteoglycan molecules. Formerly, it wds thought that dermatan.

2
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DS . as well as . Ch 6- S and DS ex1:t in the game polysaccharide chains

_ .et al., 1965). However; asvthes

R

-the moletule. There is- also

27

‘sulfate was not the least bit- affected by testicular hyaluronidase

because it contains a dlfferent uronic acid than the other glycosamino-'

-

glycans. (It is now establlshed ‘that disaccharide units of Ch 4 S and

. I

g
(Fransson and Roden, l967a, 1967b; Fransson 1968). These-authors also

demonstrated that testicular hyaluronidase w1ll in fact, degrade a
hybrld DS polysaccharlde chain into products ranglng from. dlsaccharides

to ﬁolysaccharlde fragments of a molecular weight approachlng that of

the undegraded polymer due t glucuronic aeid being an 1ntegral part of

31billty of Ch 4 s and Ch 6-S"

strong p

polysaccharlde cha1n (Antonopoulos

~

(S emlcal 1nvest1gat10ns were on

dlsaccharides belng present in\the. sa

@pnnectlve tlssue from different sites than periodontal, tlssue and on -

dlfferent mammallan species, it is not known 1f 51m11ar conditlons would '

. ex1st in the ginglval perlodontal 11gament Assuming that glycosamino—l

glycan hybrids of chondr01t1n sulfates were present in the ginglval

)..

perlodontal ligament, 1t would not be p0551ble to determine this in the.

electron m croscope ollow1ng hyaluronidase dlgestion for, as was noted I
3 earlier,ytest‘cular yaluronidase.act1v1ty dlstlngulshes hyaluronic acid;-

and both-éhdn rbiti sulfates from dermatan sulfate and heparan sulfate.

- That .is, any partlcular glycosaminoglycan structure. seen in sections

< v
with EM observation, whlch is then noted as belng absent in control

hd

sections treated w1th testicular hyaluronldase, could be composed of any E

v

comblnatlon of either Ch 4~ S Ch 6-S and HA, or any one of these singly._

It is unfortunate that at present there is no_speclflc enzyme available
N

s

’ for the h1stochem1cal dlfferentiatlon between the two chondr01tin sulfatesb“ .

\ .
\ N - . . . . 2y

Con51derat10n must also be glven to flbrous connectlve tlssue

s

structural glycoprotelns (Robert et al., 1964) with their anlonic g

& -



ftlon of th@xshape of these structures has been w1th cationic e%ectron .
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character-'as'a result of the terminal posltion in the. heterosaccharide d

D \ . <

‘chain of a sialic acid'group\(Gottschalﬁ, 1966). These groups could be

1" 9

"expected to produce complexes with solutions of cationic dyes into which

L

“tissue specimens have beén immersed:  Glycoproteins are considered-to be-

Ay
'

firmly and closely asgociated with collagen fibrils (Bowes et:alﬁ, 1957).

Electron microscope'studies (Myers et al., 1969) indicate that the

-

-’glycosaminoglycan moitles of the proteoglycans are also closely assoclated

14

‘with collagen fibrils. Therefore, d1st1nguish1ng between. glvcoproteins.

and proteoglycans,_if.both bound a catlonlc_electron densevpompound,

would be difficult unless the enzyme neuraminidase wasjused prior to

2 .

“"staining".ln order to'degrade the sialic acid moitles.

[

uThe Purpose of ohe InVestigation

Although there 1s a vast biochemical knowledge of the proteo—

glyéans, the - two prlme con31derat10ns of functlon and shape in the

natlve tlssue are still- somewhat speculatlve. So far, the EM emonstraf'

e

‘:-dense compounds Whlch are assumed to stain only the glycosamlnoglycan

3

'm01ety of the.proteoglycan. Thls prevents the full visualization of the

'glycosamlnoglycan—proteln complex and leaves the models proposed by

-

others somewhat unsubStantlated of greater cogcern is the 1nability to

f1n1tely 1dent1fy the glycosamlnoglycans as separate entitles w1th enzyme

",ithtochemlstry However, the division of the glycosamlnoglycans into

"groups of HA and ChS, DS HS or. HA ChS and DS - HS with bacterial and

testlcular hyaluronldase, reduces the severlty of this. limltation.

LA Therefore,,because of differences in the proportion of glycos-
aminoglycans in various'cgnnectiVe tissues and their species differences
ip isolates'from the same site, the purpose of this investigation will

S

& .
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be to determine‘ he EM'morphological mature and relative identity™of

Vo ¥
TR

glycosaminoglycan aSSOCiated with gingival collagen fibrils of normal
(that 1is, clinicall free of disease) rat ‘molar gingival periodontal
ligament. As mentionkd earlier, such a study of non—pathological tissue
is ‘an essential prelim ary before any- studies .of diseased periodontal

fibrous tissue'are under aken_ Due to the 51milarity tg the human molar

periodontium,mthe rat mola -Was- selected for: study-with the realization‘“

’that significant findings regarding the structural identities of the

glycosaminoglycans may not be similar to the human because of possible‘

'species differences. However, the 1dentif1cation of glycosaminoglycan

structures in rat periodontal fibrous connective tissue would be a

51gnificant contribution towards the in situ location of the glycos-

i -

aminoglycans already 1dent1fied by biochemical techniques To achieve

[

this purpose, electron mlcrographs of sections from tissue treated with

K<

the hlghly catlonic (+6) 1norgan1c compound, ruthenium red, will be

1 -~

l

"employed.

.Hi Ruthenium red due to utd ¢cation’ charge binds to tlssue poly-

anions includlng the glycosaminoglycans but does not bind to 31€lic acid

' \
.anlons (Luft l971a), nor does it become electron dense unless combined

‘, with osmium tetrox1de (Luft, 1964 1965) » A freguent criticism appearingﬁ

. \

in the literature is the poor penetration of ruthenium red into tissue~\

o . ‘ \

) spec1mens To overcome this weakness in the method, perfu51on of the

9

\animal with fixatlveocontainlng ruthenium red w111 be 1nc1uded in this

R

study. However because of other tissue anlons, any structures seen 1n

-sections from perfused tlssues will have to- be- 1dent1fied as glycosamino-; T
glycans by comparlson with sections frem specimens treated w1th specific
fknzymesland the anlonic blocking technique, methylation before contact N
Wb the fixative and ruthenium red mixture. E d;
: : _ . Af*\\r\:

"
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\

Therefore, tissue specimens will have to be 6btained;§ﬁrgically "

from che‘fresh-state.so that‘the enzymes‘énd'éiefﬂél'in 9£;hanol can Be
+applied to,unﬁixed tissués; .To ensure that sectiéus from Lheée‘iﬁttef
~ specimens have haa SUfficiént penetréti@n of rutheniﬁg red, sections will
' be cut figﬁ only t?e outer 50 - IQOIﬁicroﬁ.ﬁreaﬂof tissue Blogks.

»
‘e



e R “Chapter 2

RESUME OF THE LITERATURE

\“;fr‘~f ”7-’A1though the main consideratlon-in this study is the morpho—c

1ogical nature of the gingival periodontal ligament glycosaminoglycans,

'they account for approximately only 5 percent of the total tissue dry

weight- (Meyer, 1955). Therefore, before’ reporting @n the investigations

wvhich led to the present day knowledge of the 1dent1fication and
location of the glycosaminoglycans, consideratlon will be given to’

investlgations of other ground.bstance components,,such as the glyco—

proteins and neutral heteroglycans These reports will 1nclude compar-

, at1ve studles on isolates from mucoﬁs secretions "and from various

L ! hd

connectlve tlssues of : d1verse sites as well  as studies of periodontal‘

\'/ -0

- tlssue glycoproteins and neutral heterogiycans In order & famlliarize

b/,&he reader w1th the glycosaminoglycan group, certain features common to
j all w111 be given 1n-add1t10n to a detalled account of ‘the indlvidual
_chemical’ structures As(all types of connectlve tlsSue have been found
) v

to contain a spectrum of glycosamlnoglycans in various amounts, and as

" the rat periodontal fibrous tissue- contalns all but keratan sulfate

-/ -(Kofoed and 30221n1, 1970), the types‘and proportlon of glycosamino-

A'dense compounds, a cr1t1que of these various methods will be 1ncluded

s

31
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7 two categories:‘ muc01ds or mucoprotelns and- glycoproteins.~ The mucoids

L ' . A. . 32
in the.discussion of the glycosaminoglycans.."The evaluation of (these

methods will not only serve to introduce a comprehensive review of ,

ruthenium red but will also justify the use of Luft s ruthenium red

method as the most faVourable method for the demonstration of the macro-

molecular structures of gingival periodontal ligament glycosaminoglycans.

v

The review of the historical use of ruthenium red for both light and

electron microscope studies leading to the development of Luft s method

and its popuﬁar usage will support this decisigdt

r

‘Glycoprotefns

| Glycoproteins,'according to Meyér (1938) (page -99)‘"contain

. R
hexosamine bound- to protein or polypeptide in addition to other sugars.

At present, . the nature of the carbohydrate radical must ‘be uncertain."
Therefore, in this same report according to the nature offthe carbohyd— a
rate radical he classified the glycoproteins as: contarning neutral ..L

mucopolysaccharldes of unknoWn comp051tion Included in the group were
the o and B ovomucoids, serum mucoid;'serum glycoid and the globulins_‘
I’ <

. . |

'(egg white, serum thyroglobulins) At this time,'only egg white'and

ovomuc01d were known to contain glucosamine and mannose in the carbohyd-

rate moiety., In 1945, Meyer’ recla531f1ed these prev10us substanoesfintO‘

N\

"~ or mucoproteins were defined as substances containing a mucopolysaccharide

+

in flrm chemical union w1th a peptide where the hexosamine content is . .

‘greater than 4 percent.. Into this group he placed the a and B ovomucoids,v_"

serum muc01d, serun glyc01d and submax1llary muc01d wh1ch are ‘now classed

:_as glycoproteins. This has produced much confu51on for, even up to the

present day, mucoproteins and glycoproteins are terms used 1nterchangeably

jto-describe‘the same’ substances.' The glycoprotein ‘group in the 1945
o .
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classification included as examples serum‘albumin and serum globulins;.
He also redefined the glycoproteins as a group of proteins containing
1ess than 4 percent hexosamine. |

Since Meyer s classifications in 1938 and 1945 investigators

disc vered six commonly found types of sugars occurring in the

’

ha

carb hydra e moiety of glyc0proteins.‘ These are D—mannose, D-galactose,gnﬂfvuiru»

L—fucose,. neuraminic acid D—glucosamine-and D—galactosamine.- The

.latter'two are ‘gearly always N-acetylated. In addition, it was discov-
ered that differ nt animal'glycoproteins vary‘in (a) the‘number,

b

.comp031ton and size of their heterosaccharide groups, (b) the comp031tion

of the prot&in m01ety, Yand (c) their carbohydrate content Consequently,

-

on the basis of common structural features, glycoproteins were redefined

by Gottschalk (1966) as conJugated1proteins_containing~as prosthetic

~ ¢ N

group one or more heterosaccharldes with a relatively 1ow number- of sugar
lre51dues 2 - l7), lacking a serlally.repeatlng un1t bound covalently to'
the polypeptide chain. Hence, the overall bd!&ding plan of a glycoprotein
consists of a polypeptide core w1th heterosaccharldes l1nked to functional
groups of the 51dé chalns of aspartyl or glutamyl residues and’ probably
also to the hydroxyl group of seryl (threonyl) residues by covalent bonds
(for rev1ews, see Gottschalk 1960 1962 1964 1966) | |
Slalic ac1d 1s also an 1mportant component of most glycoproteins.
The dlscovery of thls acid in bov1ne submax1llary gland glycoprotein was
made by Blix (1936), however,'the ac1d was not: named "slalic ac1d" until
much later (Bllx et al 1952)._ Durlng this 1nterim period .as well as
"~ after, further 1nvest1gat10ns resulted in the 1dent1f1cat10n of N—acetyl

\\

neuramlnlc.ac1d, N-glycolylneuramlnic acid and the.diacetylneuraminic

.

acids. These wgréifound to‘be.widely distributed in animal tissues and

" occur predominantly in a-bound_form (Blixret,al., 1957). - In this same -

.

<
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report, siallc-acid was redefined as the group name for alluthese"

acylated neuraminic acids, neuraminic‘acid being the name of the,parent.

b

- ‘unsubstituted compound. The presence of sialic acid and the‘absence aof

uronic acid is a striking feature. It is as if. these two substances

»excluded each other in glycoproteins (Gottschalk l962)v StructurallY;‘“

ﬂ"the sxalic acids,can be. considered.as both .a . sugar._and_ as an_amino_ acid,.lmmd

’presence in the’ 51a11c acid molecule of a carboxyl group (pK 2 6) which'

and of all the component sugars_of gly¢oprote1ns, 1t,is thekmost %‘

characteristic one because it exerts a marked effect on the physical and

'fchemical properties of glycoproteins. This . effect is due to (a) the

|

'is always free and negatively charged at physiological pH and (b) the .

i

-locatlon of the sialic ac1d group as the terminal. non-reducxng unit in

) the heterosaccharlde chain ;emote from the proteln moiety of the glyco— '

proteln (Gottschalk 1966) Therefore,‘lf 51alic,acid molecules are’
. - e . . - . . 'u
suff1c1ent‘1n;number, they impart acid properties to the whole glyco- -
. . . . . ‘-\ . v .

protein COmplex‘(Melcher and Bowen, 1969).

Mucous Secretion/GlySOProteins
- RSV

. In the protein m01ety of the mucous secretion glycoprotelns from

gl ,
bov1ne submax1llary gland (Hashimoto and Plgman, 1962) 'ovine sub—

63

“maX1llary gland (Gottschplk an§-31mmonds, 1960), porc1ne Smeax1llary

gland (Hashlmoto Hashlmoto and Plgman, 1964), ovarian cyst fluld

. cerv1x uteri (Glbbons and Roberts, 1963) and ovine 1ntest1ne (Kent and~-

Marsden,‘l963), fifteen to sixteen,amino acids‘have heen ldentified‘and

quantltated in varyrng amounts While the aminovacids threon{ne'andf“

serine, plus the palrs of prollne and glutamlc acid or prollne and ‘

ﬁalanlne make up- one~half or sllghtly more of the whole peptlde chaln,

%

' (Pusztal and Morgan, 1961), bov1ne cerv1x uter1 (Glbbons, 1959), ‘human *. v
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portion of the peptide chain. A more significant difference is in the

" Cofinective Tissue‘GlyCOProteins

'1s a problem due to difficulty in separation Trom

.35

minorAQuantitative differencesjoccur in the amino acids glycine, yaiine,

f'arginine, aspartic acid and leucine which compose most of the remaining

‘-k

percentage of carbohydrate from a low of 36 percent in- ovine intestinal

glycoprotein to a high of 90- percent in ovarian cyst fluid glycoprotein..

~dlnwaddition,mthesehglycoproteins»containmverym1ittlemmannose_and_exhibitriric

_ variations in the type and percentage amount. of sialic acid, total hexos-
L N . . . ./

. B

amine, glucosamine-galactosamine ratio and in amounts'of.galactose And

fucose.

+

Glycoproteins have’ also been extracted from all typ

cdnnective tissue. However, 1solation in a satisfactory state of - purity
'l V4 . ,"?\J oo .
proteoglycans and-

ﬁ

the need for enzymatic action to release -some glycoproteins which are

~firmly a55001ated w1th the fibrous proteins.

Eastoe and Eastoe (1954) characterized the protein moiety of ox-
compact bone glycoproteln as being composed-of seventeen amino- acids.v

They also determined the presen%e of the sugars mannose xylose, glucos--

“amine and galactosamine.j Unfortunately, it is’ not'p0351b1e to-calculate_.

-

- from their resultsttoqal hexosamines due to<excess yields of galactos-

amine from chondroitin sulfate, nor 1s there mention of sialic ac1d '

B

'b.determination in their report The amino acids ‘isolated in this study

- are’ quite d1fferent 1n content from the glycoprotexn polypeptide of

mucous secretions in that glutamlc ac1d and aspartic ac1d rather than
threonine and serine predomlnate. ’

i o

Andrews and Herring (1965) were able to 1dent1fy fifteen amino

' acids,_N—acetyl neuraminic~acid,leglycolylneuraminlc:acid,,galactose,,

4



‘wdifferences occur. betwpen -the- amino ac1ds'leuc1ne valine, proline,

,content is les

. . . . . . ,

mannose, glucose,’ fucose, galactosamine and glucosamine composing a:

glchprotein from bovine compact bon%.‘ Similar ‘to. the report of Eastoe o

and Ea%toe, the aminb acids. of fhe protein moiety in the highest con-

centration were glutamic acid and aspartic acid, ' However, it is evident

: from a comparison of these two studies that individual qUantitative

»

,lysine, glycine, threonine and serine which comprise almost all the .~

remaining portion of the ox and bovine bone glyc:ﬁgoteid polypeptides.

-~

The results of an investigatlon of bovine nasal cartilage glyco—

Al

"protein by Partridgs and Davis (1958) further d!monstrate the ,

quantitative variabllity of the polypeptide amino acids. Of the sixteen

Ay
]

amino acids 1solated from the protein m01ety, greater amounts -0f glutamic

i

'ac1d and proline are found while aSpartic acid ranks fifth and threonine

v

“and: serine are quite low on the llSt In addition, the total hexosamine

‘than 2 percent H0wever, a later study by Rotstein et

(1962) repobts the presence of 10.4 percent reduc1ng sugars and 1. 2

,'percent sgalic acid. Other studies, bovlne aorta with' a combined 1

percent hexose—hexosamine total and 7.-1 pércent s1alic ac1d (Berenson '

'and Fishkin, 1962), foetal calf skin with 9.7 percent hexose-hexosamine

\
and 5 6 percent siallc acrd (Bourrillon and Got, 1962) and spleen :

' retlculin w1th 56.6 percent hexose—hexosamine but no 31alic acid

(Snellman, 1963), likewise demonstrate the varlability of the

'carbohydrate moiety of glycoproteins extracted from diverse sites.'

Ev1dence for the exlstence of a non- collagenous protein—

.polysaccharide complex and its firm assoc1at10n with the flbrous protein -

7'collagen is’ given by the study of Bowes et al. (1957) Two fractions

containing both collagenous and non-collagendus protein were extracted',
‘f - : S o )

-
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from the middlenlayer of young b:kine'skin with citrate buffér (pH 3.7)
and dilute»acetic‘acid (pH 2;8). The collagen protein was removed by————
NaCl precipitation and found to have a high hydroxyproline content and

~ar low tyrosinecontent which is typical of collagen protein. The

remaining non-precipitated filtrates were analyzed for amino acid com-
TR

f‘position;”héiosamiﬁé”ahd“hékﬁséwcoﬁfént. Ehe proteins of “the filtrates

were assumed to be of non-collagenous types because they differed from

typical collagen by having larger amounts of associatedﬁhexosaminesyu
”qhexoses and high tyrosine values butblow hydroxyproline*content; ln
“addition, the glycine, proline and arginine contents are much lower and

the lysine, histidine, aspartic ac1d leucine and valine contents are

Tvmuch higher than in collagen. The citrate»soluble,fraction was considered
. to be derived.from the‘tissue’fluids; ood vessels and,muscle'fibers}'

and it .is possible that it represents sm ll‘amounts'of protein from a
- L -—r 't .

number-of different sources‘rather thim a specific protein. The acetic

acid-soluble .fraction contained larger amounts of glucosamineland‘hexoses,

*and was assumed to be derived from,a“less soluble Source. Indications of

this non- collagenous protein s firm association to the collagen fibers is

supported by the presence of some hydroxyproline which suggests that the
collagen fibers were 1ikew13e very slowly gOing 1nto solution. 'The
: acetac acid filtrate is alsq assumed to’ not be a glycosaminoglycan

fraction on. the ‘basis that the Latter is’ eaSily removed by alkali whiie
. P

. at the same time a decrease in cohe31on of the skin Qccurs. - However, .

uronic’acids were not detected in an alkali’ extracted’non—collagenous . ._{’(""

protein included'in this same study;' Hence, its unequivocaélidentific¥' /
ation as a glycosamlnoglycan was not possible.

S Although Bowes et al. do not tegg eitherpof5the acid soluble
' 1§

ey

non collagenous protein-polysaccharide complexes a glycoprotein, the | : @;_;;ﬂ
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Ny w1thout being linked to collagen.

iPeriodontlum Glycoproteins

.obtained from connective tissue by first removing the soluble proteins

w1th CaCl2 and then collagen with trichloracetic acid (TCA) The TCA-

'1nsoluble portion corttains the glycoproteins, a portion of whicﬂ can be

solubilized with urea. Thus, these glycoproteinS'are presumed to be

.tightly attached in the native tissue to the fibrouiegrotein component

and for this reason are called "structural glycoprotelns.

.

' Comparison of studies of SGP 1solates from various tlssues indic-

ates that they vary in content (Robert ﬂﬂd§§§?ert 1967), 1n quantity

.-and ratio of sugar components, in percentages of sialic acid and in amino

acid'compositionbof_the'protein moiety (Mociar, Mdczar‘and Rohert, 1967;

" Moczar and Moczar, 1970; Robert and Robert, 1970).:'In one&of‘these

™~

studies (Moczar and Moczar, 1970), a glycopeptide was-separat d from the
insoluble structural glycoprotéins of corneal stroma of"s%veral species

and media of pig aorta in'which,the protein -part does not contain

hydroxyproline; This"was assumed ?b,indicate that hetérbpolysadéharide

A'51de chalns exist 1n the insoluble flbrous network of connective tissues--

»

Thornard ‘and. Blustein (1965) dentified by colourmetric analysis

1. 41 - 1.67 percent of the total

sialic acid amounting to approx1mate

‘mucopolysaccharlde fractlon in human glngival tlssue. The tissue for

this- study ‘was obtalned surgically from patlents suffering from chronlc.

~per10dont1tls and 1ncluded both epithelial and flbrous connective

- ' . -
. . t

N
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cid component

tissues. Therefore, the exact contest the sialic

associated solely vith collagen p s cannot be quantitated

~ for it is also known that human epithelial cells grown in culture will

: components of the glycopeptldes

-

4sialic acid from the

vhuman aorta and skin from guinda pigs and rats.

elaborate 51alic acid (Thornard et al., 1962) In addition the possib-

ility of contamination with serum glycoproteins containing.sialic acid lwriAmnw

is a consideration in 1nflamed tissues, However, these investigators

c1a1m that the enzyme digestion employed in the study would liberate the

1

Tum glycoprotein, thus rendering them. dialysable
£

nalysis.

-

and not-present in the

'Schulti-Haudtiet aN (1965) report a slightly more thorough

taining glycopeptides from human gingiva,

o

The ‘analysis for gar

analy51s of hydroxyproline c

e presence of glucose,

mannose and fucose in varying amou <in all isolates, whereas only some
0 . . . . ‘

gl}éopeptides contained galaétose; galactosamine and glucosamine. The

report 'did not spec1fy the types or amounts of these neutral and amino -
-.\ . . .

sugars contained in. the 1nd1v1dual glycopeptldes. Hence, it ig not

-possible to state the exact sugar composition. of the gingival glyco-

.proteins;

Sialic acid determinations were also earried out, but none could .

be demonstrated in any of the glycopeptldes 1solated However, the-

~,ketosid1c linkages JOlnlng the termlnal 51a11c ac1d re51dues to the poly-

-t

saccharide chains are sensitive even to 0 05 N mlneral ac1d (Gottschalk
1966) Therefore, their negative result with rega#d to sialic acid
could be construed -as either its non- ex1stence in Lhe native state or
1ts loss from the tlssues during their peptide separation procedures

with a n-butanol-acetic ac1d-water_m1xture.- With paper and gas chroma-

tographic techniques, the amino acids, in addition to hydrbxyproline and

w/
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proline, were identified as lysine, glycine, aspartic acid glutamic_
acid, alanine, valine and leucine with smaller amounts of arginine, ser—r
~ine and tyrosine in all ptide isolates. PreCise quantitations were .

<
‘not made, nor were sequential analyses undertaken. This is unfortunate,

“for’ it is not pOSSlble to. make -the - same- assumption as- -Bowes- etoal (1957)”““*” o

that the peptides belong to non—collagenous proteins because they diﬁfer ’
from collagen protein by having high tyrosine values but 1ow hydroxy-
prollne~son£9nt. However;'the presence of hydroxyproline in these
glycopeptides Supports the suggestion of Bowes et al. that its presence
is probably due to collagen fibers slowly gOing into’ solution, ‘thus

indicating a firm association of the protein mOiety .of the glycopeptides-

. '6‘ | . .
‘with collagen fibers. o : LA - o : -
. -
Although there are no physical.chemical studies reported which

R
fdeal w1th the interrelationship between_cdlragen and glycoprotein Bowes

et al. (1955) suggest that during syntheSis a glyc0prote1n might be
1ncorporated into the collagen structure.? The glycoprotein may even -
form an integral part of the: collagen fiber (Bowes et al. ' 1956) The
'._first step in the- interaction would be a self- aggregation of tropo-'ﬁ'
‘collagen molecuﬂis to a self ~limiting microfibril size (Chapman et al. >
1966 Vies and Bhatnagar, 1970) Further‘increase in fibril’diameter, |
is perhaps due to the combining'action‘of.glycoprotein. The fact that
.’glycoproteins conSist of short carbohydrate chains of 2 - 17 4

hexose units attached to the ptotein core which allows close spatial
apprOXimation and the firm assoc1ation of the glycoprotein to insoluble
collagen fibers, does seem to givebsome shpport to this conceptv(Jackson
and Bentley, 1968)  The ultrastructural characteristics of the fibrils

could also be;regulated by the compOSition and amounts of . glycoprotein

bRobert and Robert (1967 1970), USlng the examples of cornea with thin,

™
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regu&zr collagen fibers -and sclera Wwith thick anastomosing and irregular

,fi?rillo—genesis.

[ N . . , '-v. ’ o . -- . . .4 l . ' . ‘. .

L ‘ ‘Neutral Heteroglzcans

o

The neutral heteroglycans or heteropolysaccharides of skin derma,

-Achllles tendon, tracheal cartilage and bone matrix appzar to have in

2
N A

.common with glycoproteins a comp051tion lacking dn uronic acids. Also

31m11ar to glycoprotelns, the polysaccharide chains contain. the neutral o
sugars galactose, glucose mannose and fucose; but differ in that there

is a low: content of hexosamine. These carbohydrate—containing,materials
stain w1th the periodic ac1d Schiff (PAS) technlque and thus are : :; Q
. dlstinct from glycosamlnoglycans (Glegg et al., 1954; Glegg, 1956)

' Windrum et al. (1955) reported the occurrence of galactose mannosa and

'glucose, but no hexuronlc ac1d and only 0 16 - 0 17 percent hexosamine R .

(glucosamine) assoc1ated with reticular tissue -of human kldney On thei _."

other hand, glycoproteins 1solated from the varlous types of connectiVe
tissues are reported as conta1n1ng 4.2 - 11.2° percent total hexosamine

(Eastoe and Eastoe, 1954 Bowes et al . 1957; Banga and Balo, 1960 _h' I

-

--Bourrlllon and Got 1962 Sncllmaﬂ 1963) " S B o o

I . . . .

;Leblond et al. (195’) 1nvest1gated these fibrous connective tissue‘“

‘

vcomponents stainable w1th the PAS method. They c nfirmed that the glycos-'-f

aminoglycans are, not reactive but rather it is a carbo‘ydrate—protein
complex that glves théy{eaction w1th the perlodlc ac1d Schlff stain.

These carbohydrate protein complexes, when chemlcally analysed for sugar'

°

v:types, were found-to be composed of galactose, fucose and mannose, as . £7§
) L . ,./ s . . i o
well as hexosamlne and probably 51aljc ac1d Each of these re51dUes has. : >

’
¥
A



:free 1 - 2 glycol groups capable ‘of forming aldehydeggroups by periodate

oxldatlon which subsequently react with ‘the Schiff s reagent to produce

the' coIour. o SRR g . S

.-Dische et ‘al. (léSﬁ)_isolated from bovine fe@ur'shaft ribs and

: - ox~vitreoug-body two types of nedt¥al hetaropolysacchavide-protein com=

_plexes,fr e of uronic acid.- One of these%was soluble in alkaline ethanol

( .

":and contai ed less.hexosamine than the othér iqéoluble heteropolysacchar—

u

~ides The‘ oluble fraction, although still éombined wrth ‘40 percent

"proteln wis further leldEd into two sub- fractions by d1a1y31s. The"

~— - P

"dlalysable portlon was practlcally free of hexosamape and consisted of ai

y

amlxture of g&lactoseband glucose, with only a small ‘amount of mannose
- and fucose; "The non- dlalysable part of the ethanol soluble carbohydrate {
E‘,contalns, 1nEadd1tlon to the three hexoses and perhaps small amounts of
“fucose, a signlflcant amount of hexosamlne, though less than the ethanol~
-insoluble type of heteropolysaccharlde.. These workcrs suggest that the

ethanol 1nsoluble heteropolysaccharlde is present in the ground SUbstance

'comblned with collagen flbers.

e ‘ B g /

: 2
SChUltZTﬁdUdt et al (1961) extracted from human gingiva two
N

'polysaccharide—proteln complexes with dlfferent electrophoretlc mobllities.

1These complexes were PAS p031t1ve, 1nd1cat1ng the absence of glycosamlnp—:

glycans because under 51mllar condltlons controls oﬁ hyaluronlc ac1d and

o)

chondr01t1n sulfate d1d not sta1n w1th PAS. Both fractlons;jln addit;on

P . oy

to. glucosamlne, contalned'the neutral sugars galactose gluCose,”mannosei'

r1bose and p0551bly fucose These monosaccharides corrESpond largely -

hose of the neutral'hetérbpolySaccharides" of the connective.

However, gluéufoniclacidfappeared'tofbe a constituent,cP*Both ¢

.. complexes. The proteln m01ety of one of the complexes contalned hyerxy-

s SU gestlng that the proteln moiety was a soluble collagen and

\.'3".,';\;
e,

“l

L&
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the complex as a whole may represent some stage in the synthesis of o

“© .
.\‘

collagenous fibers. Investigations of animal skin using the%same tech~

an

niques and following administration of radioactive proline also resulted

%
in similar findings (Schultz—Haudt and Eeg-Larsen, 1961a, l961b) v

The results of similarly obtained extracts of carbohydrate— .

I

protein compleXes from human gingiva are summarized by S%nultz-ﬂaudt

Acetone—defatted tissue homogenates were subjected to the

(196 ).

-:\Tfollowing polysaccharide protein extraction techniques 5 percent

’ *:{ o
aqueous trichloracetic acid "0.14 M NaCl, 0.5 N - NaOH and trypsin, or ﬁﬁi.

acetate bufferrpapain The extracts were found to contain three sub=-

stances which were separable by paper electrophoresis. The slowest

migrating component stained w1th PAS and was therefore characterized as\\
a glycoprotein. Only the protein of this complex in he TCA Xtract con-

'crof collagen

’

. tained the am1no ac1d hydroxyproline 1n amounts characteri
',and reticulin. Theoether two substances, in - order of electrophoretic

1 N 8 | L

mobility,owere 1dentif1ed as Hyalurénic ac1d-probe1n complex and dhond-

LN

.r01t1n sulfate—protein complex. These were’ not assoc1ated}w1th hydroxy-'
proline but a non- collagenous protein of varying amounts, according to
‘the method of extraction. j‘.’,-f ‘ o ', o

By careful evaluatlon of the prevlous 11terature cited a

L4 R
.

cr1t1cal analy51s can be made of theqneutral heteroglycans. For instance,"

' ¢

metnods used in some of the studies were not "sensitive enough to quanti—

tate hexosamlne content as a basis for distingu1sh1ng from glyc0proteins.

i

Nor does the PAS-po ltive nature .of neutral heteroglycans serve to ;j'.‘i_'““

-

”dlstlngu1sh histochemically between the glycoprotelns for they too are

E PAS—p051t1ve due to a carbphydraﬁé m01ety comp051tion of the neutral

§

: _ ‘g :
sugars mannose, galactose and fu&ose. In addltion,lthe presence of D

& R

gluchronic ac1d accompanylng Ehe neutral heteroglycans isolated by
[ .- ®. . o T

s v

v
@

¢

.
-
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Schultz-Haudt et al. (1961) would tend to indicate a contamination with

hyaluronic acid If quantitation of the glucuronic acid and glucos in%

comievt proved to be in the approximate ratio of 1: 1, this would support

such»a conclusion. This, however, was not,dqne° hence, one can only

"

speaulate on the possibility of a contaminant. 'Furthermore, the absence

‘

mf uronic acid does .not prove that it was not present in the native

state for ‘this substance decomposes rapidly under conditions of acid

' hydroly51s (Windrum et al., 1955 Gardell 1961). Likewise, a similar

t ' hoye
L,
statement could be made for the absence of sialic acid\as it too has a

.-highly labile nature (Gottschalk 1966) Therefore, the aaceptance of a

separate entity known as a neutral heteroglycan being composed of a

heteropolysaccharide—protein complex with a carbohydrate moiety composed

. solely of neutral sugars and a low hexosamine content, should be viewed

. .
‘ population derived from the blood and 1ocal parenchymal cells. However,

saccharide—protein complexes native to connective tissue are, in fact

with caUt}on. “1It.- is perhaps possible for PAS stainable‘neutral poly—
saccharide‘chains linked loosely'to a protein to be’present'in fibrous
connective cissue ground substance as a result of the transient chem1ca1
< -
R
1t seems more lfkely that, except for reticulln, neutral heteropoly~ .

G- !

. . Ff' N 2
glycoproteins occufring either naturally W1thout a 31a11c acid moiety or !

.‘;f,with a,sialic acid céhponent which has been lost due to methods of

~
\ . .

chemical isolation Tge presence of hydroxyproline in the protein moiety

qf the gingival and skin extracts (Schultz—Haud( and Eeg—Larsen, l961a,

' 1961b) probably represents,collagen protein deg adation.as that found by.

) '
Bowes-et al. (1957) due to the meﬂhods necessary for extraction of the‘-_'

glycoproteins which are firmly bound to -the collagen fibers

. .

NN ,
. . g - 3
. . " .
f
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Mlycosaminoglycans ,\\..» | .

The glycosaminoglyoans of connective tissue listed in Table 2
LN . ‘17
.. (page 12):can be divided sOmewhat unequally inte two groups according to

the presence or absence of an ester linked sulfate group The sulfated
polysaCcharides'include the chondroitin sulfates, dermatan,sulfate,

2

R g o ‘ :
keratan sulfate and heparan sulfate.- An additional sulfated compound

“‘fé1atea“fa'rﬁistgraﬁp'dh;fﬁé“sasié‘6f“1EsTEHemiaaf“éimilaf£fy is heparin.. = .

However;'as,it'is not’a structural componentlin the samé sense'as:these
-others found within_the "anorphous'ground_subStance,ﬁ it nill}he'given
only'brief'mention in the'discussion..‘The non-sulfated glycosaminoglycans.
”are‘hyaluronic'acid and chondroitini_'I: contrast to”hyaluronic acid, |
gchondroitln contalns galactosamine‘and almost‘ho sulfate (Davidson and

\ ;Meyer,_l954) or approxomately 2 percent of ester sulfate (Meyer, 1960).

The structure of all the glycosaminoglycans is not as yet

. L . ‘ _ T
completely known. However, those Whose structures .are sufficiently

'known in detail éeem to haye the follow1ng features in common: éa)vfhere .
~1is apparently no branchlng along the chaln length (b). the polysaccharides
':are polymers of a relatively high number of'sugar residues,,composed ofv‘
a regular;repeating'un‘t.of a disaccharidemconsisting'of'two different
'repeating'units;'fc) one'of'the.monosaccharides:is.a hexosamine (glucog—
amine or galactosamine).and the,other is eitheé henuronic acid (Deglu— :
rcuronicf or'L—iduronic) or‘D-galactose;‘(d)lthe‘amino';roup of'the

' hexosamlne is never free. but s’ usually acetylated and sometime§ 1t is

<

“:sulfated (e) anlonlc groups (carboxylate or ester sulfate) are found

_ regularly dlstrlbutedlelong the polysaccharide length 1mparting a 5
negatlve_charge; Qf)'the anibnlc,groups are usually_assoc1ated with an

. equivalent number of cations or counterions consisting mainly of sodium

‘ ions under physiologic conditions. The.polyanionic feature is
. v ey { A

. . " . N . o 5.
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responsible for the glycosaminoglycans hnving the properties of poly-‘
electrolytes (Schubert and Hamerman, 1968). ‘

The present day knowledge of the structural components of the ' tf‘i)

individual glycosaminoglycans as outlined in, Table 3 is largely due to
the efforts of Karl Meyer and his co—workers. The regular repeating

disaccharides composed of the alternate monosaccharide units given An .o

. [

Table 3 are 1inearly linked by algernating o --'C3 and ¢, - C4 nglyco-‘
sidlc bonds, except .in the cases of heparln and heparan sulfate in which

sthe linkages are a—glyc051d1c bond;\(Mathews, 1967) These features,

:

the chemical structure of the monosaccharldes, the . positlon of the anionic:
.

groups (carboxylate and sulfate) and the 'glycosidic bonds formlng the

dlsaccharlges and tetrasaccharldes of the glycosamlnoglycans thus far
_1solated are 1llustrated in Figure 5. Tho chemical structure of chond—«'
‘ r01tin has been omltted because so far it has only been isolated from the
acornea and the structures of heparin and heparan sulfate are app1oxima—:

' tions based on reports by Brimacombe and Webber (1964) and C1fonelli

(1968)

HyaluroniC'Acid T o, L 1»__' -

IS

et

Hyaluronlc ac1d is compbsed of‘equlmolar parts‘of glucuronic acid
and glucosamlne (Meyer and Palmer, 1936) Its structure has been fairly _dﬁa
well establlshed as an unbranched polymer (Jeanloz and Forchlelli 19Sl)

: of the disaccharlde repeatlng unit D-glucuronlc ac1d and.2-acetam1doé2—y Y
deoxy D—glucose (Welssmann and Meyer, 1954) | The gluCuronlc ac1d moiety
‘is located at the non~reduc1ng end of the dlsaccharlde (Welssmann et al
1954) Thls would be the left side of the hyalurbnate structure as shown,»

S in Flgure 5. The glyc051dic llnkage of glucu;pnlc ac1d to glucosamine is

known as a B 1 - 3 glucuronldlc llnkage (WelsSmann and Meyer,.1952). The
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. Table 3. The Structural Components of Connective Tissue GLycosamino-
glycans (Data compiled from Meyer, 1955; Hoffrman et al,, 1958a; Rosen
et al., 1960; Walker, 19613 Mathews,.1967). I .

L . : o ' |Position of |
Glycosaminoglycan| Repeating unit . » ' Sulfate on . | Glycosidic o
.- SN __f S I S Ll | Hexosamine .| Linkages. . . ._. T —
—— o ———
. | D=glucuronic acid ‘ o ay £l
) Hyaluronic acid . & oy I 'GA-B(1-3)~AG1cé
% ' .- ... | N-acetyglucosdmine - |none present| AGlc-g(1-4)-GA® -
P 4 - . _ : : K .
‘ - - , —
- ‘ D-glucuronic acid - v 1
Chondroitin . g & ‘ - v ‘GAfB(l-B)—AGa;Q
o . "~ | N-acetylgalactpsamine|none present AGal-g (1-4)~GA
,Chondroitin P-glucuronic acid
“b-gsulfate C '&v S ' s ’ 1
N-acetylgalactosamine| C-4 | GA-E(1~3)-AGal
1 o AGal~B{(1-4)-GA~
”( Chondroitin D glucuzonic‘acid s ) ’ oo : |
'  6—su1fateo ' N—acetylgakabtosamine.CJb
S . . | .L-iduronic acid SRTINE : A 1
~ Dermatan sulfate . & Wy , IdA.B(lfs)fAGa;z
I - | N-acetylgalactosamine|C=4 .' = -AGal-g(1-4)-IdA™
-| D-galactose
:.:keratap_sulfatel fy—gcetylglucosamlne.. C—Q- X Gal-g(1-4)-ACLc
- s also - _ : . o
| N-acetylgaldctosamine SR .| AGle-g(1-3)-Gal
' v .D—gldcuroniélacid " C-6, énd . : v  _
b , . & . |N-sulfated; ,.SGlé 9(1 4)-6A
Heparin . .N-sulfoglucosamine also 1/2 of | GA-a(l-4)-SGlc
' : o ~also. - . uronic acids ' ' .
L-iduronic acid - [sulfated at ‘SGlc—q(}74)—SGA
Lt . . C_2 .
o S . |"D-glucuronic acid. N\q S ‘GA-0(1-4)~SGlc
©' Heparan sulfate- | . & R ¢ | SGle—a(l-4)-GA
o ' N-acetylglucosamine |4 N-sulfated GA-a(l-4)-AGlc
. . . . )

¢

GA — glucuronic acid SGlc ~ N-sulfated glucosémiﬁe

_ AGle ~ acetylglucosamine : © SGA - sulfated ucuronic acid
, AGal ~-acetylgalactosamine ' 1. . L o
' IdA - iduronic acid - . ‘-Qnguroniéic-;i ags o
Gal - galactose =~ - . - Heéxosaminidiec linkadge’
LT .. o ) , . , _

®TaE
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Figure 5. The Chemical Structures of the Connec'ti‘\/e'Ti—;sue Glycosaminb&'
glycans  Repeating Units (from Hoffman et al., 19584; Hirano et al., 1961;
‘Schubert, 1961; Schubert and Hamerman, 1968; Brimacombe and Webber,. 1964; -
Cifonelli, 1968). ‘ : St Lo
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; pblymerization of the individual- .saccharide units isrby glucosaminidic

.

linkages of 8 configuration betwaen C1 of N—acetylglucosamine and C4 of.

3

\

: D—glucuronic ac1d (Meyer, 1955)

' The Chondroitin Sulfates and Dermatan Sulfate . A.4 S . 'q,

On the basis of . solubility, optical_rotation and.enzymatic ST —
—. .

hydrolysis, three chondr01t1n sulfates are stinguished which were

[

désignated as A B and C in the early literature (Meyer and Rapport,
1951) ese are now. termed cnondroitin 4 sulfate (Ch 4 S), dermatan
' sulfate (DH\\and\chondroitin 6—sulfate (Ch 6-5) (Table 2, page 12) The

'fundamental repeating units of all three are composed of equ1molar parts

ST

L of uronic ac1d and- N—acetylgalactosamine linked inte disaccharides by al.

B8 l - 3 hexuronidic bond With the: uronic acid m01ety in ‘the’ non—reducin

.

: p051t10n (Hoffman et al., 1958b) Thé‘ﬂisaccharides are polymerized to

E unbranched chains via B 1 - 4 hexosaminidlc bonds (Hoffman et al., 1960)

_In Ch 4- S and DS, sulfation occurs in carbon 4 of the galactosamine
(Hoffman et al l958b Jeanloz and Stoffyn, 1958), in Ch 6~ S on carbon~
" 6 (Hoffman et al., l958a, Suzuki, 1960) Although there are many |
h s1milar1t1es in the disaccharide repeating units of the two chondroitin
;sulfatesiand dermatan sulfate,‘therelis a maJor dlfference 1n the N
'hfcharacterhof ‘the hexuronic acid m01ety In the chondr01t1n sulfates 1t g\;;\d

S ."‘

is D-glucuronic ac1d (Meyer, 1955), but in dermatan sulfate it has been

) ;'1dent1f1ed as L-lduronic ac1d (Jeanloz and Stoffyn 19§8) : From the S

-

’ 3results of these studies and many others, the disaccharide units of Ch
- 4-8, Ch 6 S. and DS can be formally descrlbed as.
. B~ l 3—D—glucuron1c acid. + 2—acetam1do—2 deoxy ~4- O sulfo—D—galactose

B 1 3 D—glucuronic ac1da+ 2—acetam1do—2 deoxy—6 0—sulfo-D—galactose o

: B 1 o3~ L—iduronic acid + Z—acetamido 2 deoxy =4= O-sulﬁo—D—galactose



sulfate groups. ‘Preparations of Ch 6—S'from éhark cart;m oL

reported with ratios of sulfate to hexosamine greater than unity, leading

s,

to the suggestion that sulfation alpo occurs on either C, or C3‘of the

uronic,ac1d moiety (Suzuki 1960).‘ Conversely,'a Ch 4-5 preparation

. 1,
from cornea had sulfate to hexosamlne ratios greater than unity (Anseth

L

and’ Laurent, 1961), indicatlng that all hexosamlnes are not sulfated

. Unfortunately, current methods are inadequate for determination of the
- .

exact distrlbution of the dlsulfated and unsulfat disaccharides (Rodén,

1970) Hence, one could env1s1on a polysacchar de with random-disulfated

~or unsulfated hexosamines, or one with. a onderance of uch residues

‘in-certain"areas. However, rather than disulfatlonvof rep ating periods,
most preparations from mammalian sources-are somewhat deficient in sul-
fate which 1Sﬁthought to have little or. no effect on the polyanionic

-properties of the-polysaccharide‘(ROden, 1970). In addition, there is'a
strong p0551b111ty that Ch 4-8 and Ch 6 S dlsaccharides may  be present

H;45~@* in the same polysaccharlde‘chaln; thus ensurlng a hybrld molecule
(Antonopoulos et. al., 1965) ':f. .'.f ,. o | '.“2 .[.‘f
:.Al>' | L Further heterogenelty manifests 1tself in’ “the structure of thé 7
:aldermatan sulfatefp . satcharide_chains. .Althouéh<iduronicnacid-Was_

~ -identified as the main uronic acid compo enthof'DS-(Hoffman.et al.,"

1956),"glucuronic acid was also preSent in the preparationfand.remained

in appreciable amounts in splte.ofvextensive h aluronidase treatment and :
. . [N . . .

repeated alcohol fractionation (Hoffman.et al. 57). The question
. -then arose as togwhether this fraction,represents a contamination with a

Y
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-~ different polysaccharide or a singlelmolecular species of a hybrid nature
with, both L—idUronic and D—glucuronlc acid'residues. 'Fransson~and Rodén

(1967a) invastigated this hybrid structure hypothe51s for DS and their
‘ results indlcate that glucuronic acid is an integral part of the DS
j_molecule. Contlnued investigation (Fransson and Roden, 1967b) of DS from

T SR ST, e s

'm} pig skin prov1ded evidence of a tetrasaccharide structure consisging of

-

glucuronic acid + sulfated galactosamine — iduronic acid + sulfated

galactoSam1ne4w1th sulfate ester at C4 of both galactosamine moities. A
’aolysaecharlde composed of tetrasaccharides with this structure could be ‘
‘con51dered as a co—polymer of Ch 4-§ disaccharldes arnd dermatan sulfate

dlsaccharides.
of further interest is a study by Fransson (l968) of a hybrid
octasaccharide obtalned from umblllcal cord dermatan sulfate.' This

 fraction contalned glucuronlc acid -- galactosamlne dlsaccharides with .
vt.\the.sulfate at p051tion C6 of- the hexosamine m01ety an¥ d1sa¢charides of

2 .
idtronic- galactosamlne sulfated mainly at C4 w1th occas1onal sulfation

®

occurr1ng also at C6 of the hexosamlne (that is, a polysaccharide con-

4
talnlng Ch 6- S dlsaccharldes apd dermatan sulfate disaccharldes*sulfated
- at both C4 and C6 of N—acetyl galactosamlne 1n the same chaln)
' ‘ - .‘ ... ’ ! ' ’
- 3

Keratan Sulfate \'

Keratan sulfate " (hS), regard1ng cha1n length, is probably the -
' shortest connectlve tissue glycosamlnoglycan lee the other glycosamino- )
glycans discussed thus far, KS. contalns a repeating dlsaccharide unit,
o~

- but an obv1ous dlfference 1s "the absence of a uronic acid component.
Instead, the farst preparatlon of hS 1solated from bov1ne cornea (Meyer

et al., 1953) was found to contain equlmolar proportigﬁ% of D—galactose,-

-:vN—acetyl glucosamlne ahd sulfate A second difference is the nature'qf(D
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the glycosidic iinkages betueen the monosacchar&des forming the repeating'
period and between repeating periods forming the polymer, which are via
Bl -4 and 8 1 - 3 bonds respectively (Hirano et al., 1961) These
latter workers were also able to place the sulfate ester at carbon g.tf

" the glucosamine'moiety However,‘sulfate has_also been located at carbon
F“Of the" galactose moiety, thus giving preparations with slightly more.f"“

than half of the total monosaccharides sulfated (BhaVanandan and Meyer,

1966, 1967, w1968). In addition,‘isolates of KS from cartilage and nucleus'

) _J
o '

pulposus have been reported to contain galactosamine (Gregory and Roden,
.1961 Mathews and Cifonelli, 1965) | |
Another-intereseing feature-of keratan'sulfate-is sialic acid up
'to-7hpercent of‘some preparations.(Schubert]and Hamerman, 1968). The
3 i 4 '
sialic acid is'presumed to occupy terminal positions‘of side branches,
but their exact location'andldistributiOn along the polysaccharide chain.
'is'stili unknown (Rodén, 1970). | |
Thus,-keratan suifate has probably eontributed to confusion in
‘1histochemical studies sinee it would show both metachronaSia Staining
eommon'to connective tiSSue‘glydosaninoglycans due to the‘anionic‘sulfate

* groups.and '‘PAS‘staining common to glycoproteins due'to the neutral sugar

‘galactose and sialic acid (Schubert\andzHamerman, 1968).

Heparan Sulfate.

Heparan sylfate has tentatively been given the- structure

represented in Figure 5 (Linker and Sampson, 1960 Cifonelli, 1968)
Thevtetrasaccharide structure shown is cqn51dered as a fragemnt expressf'f”

ing the charactexistics of thevpolysaceharide and 1s not conceived as-a

strict uniform repeating unit. Thedcomposition of the unit was reported -

by Jorpfs and Gardell (lQ&B)«asiconéiStihg:qf equimolar amounts-of:Z—

|8
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amino—Z—Heoxy-D—glucose a hexuronic acia, acetyl and sulfate reaidues
Brown- (1957) identifled the uronic acid as D—glucuronic acid; however,
residues of L- iduronic acid have also been reporgéo (Cifonelli and

Dorfman, 1962; Radhakreshnamurthy and Berenson, 1963 Lindahl 1966)

of the qo configurataon (Brlmacombe and Webber, 1964).
The p051tion of the sulfate group dlffers from the. other sulfatedr
'glycosamlnoglycans thus far dlscussed by being attached to Cé oflthea
hexosamine with the. amino group forming a sulfamino group (Llnker et al
71958) They also concluded that approxrmately only one-half of the
hexosamlnes possess the sulfamino‘group, the rest having~the usual
_ acetylamino group. | ‘
Disulfation: o%:ﬁyne hexosamlnes is aleo thought to ‘occur byv
h subbtltutlon of'sulfate ester groups at both C2 and C4 or both C2 and C6
. (Brlmacombe and Webber, 1964) ‘The exact dlstrlbutlon of the N—sulfated
and. N~ acetylated units is not definltely establlshed v "

" The results of s ud1es by leonelll (1968) sug§e§\gﬂﬁkt sectlons

of the polysaccharlde locat d near the llnkage to the pr te1n m01ety have

alternatlng N~acetylated and —sulfated re31dues but the ._'

(leonelll 1970) -as’ both are 31m11ar by hav1ng L 1duron1c components,

N-sulfated hexooamlne units and o 1 - glyc031d1c bonds By comparlson

3.of-the.two’tetrasaccharideé 1llustrated in Figure 5 it canfbe aeeumed

thI: the only dlfference is in the degree of sulfatlon If this hypoth—_4

and heparln should be from

synthgsis storage of

e51s is true, the source of heparan sulfat

.the same'cell. It is assumed that the site

* The monosaccharidés are aI/’linked by 1= 4 glyc051dic bonds (Muir 1964)7



N

| heparln 1s the mast cell because the glycosaminoglycans within the cell
‘ con51st mainly of heparin (Schiller and Dorfma;r’l;59) However, very'
" few mast cells are found in the intima and media of the aorta (Bertalsen
and Jensen, 1900) which contains-heparan suLfate but no trace of héparin~

'*(Kaplan and Meyer,“1960), “thus- 1ndicatingwa~di§ferent~cell source for T

w

heparan sulfate. ‘e ;”

'Nevertheless; mhether;or_not heparan.sulfateiis'a‘precursor of ;".&f'
’heparin,’much more;investigation is”required.in.order_to elucidatewthe'_ '
structure of both substances}‘, ’ |

- 2 ‘ - T . a . : _— . ’ T

- Molecular Weights t s S . S e .

All of the glycosaminoglycans 1n Figure 5 have as their degree:
of polymerization an approx1mate number o' of repeating units in the,

< e . .
:polysaccharide chain which is also an 1nd1cation of their molecular

Weights. Therefore, a 51ng1e molecule of hyaluronic ac1d w1th a-

fmoleCular weight of-lrx 10 would consist of.2500 periods and have a . o

"rt'and hamerman; 1968);"i§wever,_ o

chain length'of‘ZtS micronsr(Schu

ﬁhe‘molecularfveight ofthyaIUroni“ acidéﬂaries from;7.7'x lOa tog14ux-l;

lQG;rdependingiupOn'its_sburce, 'ethod of eﬁtraction andvmethod of,

. determination.'bForVexample. HA from vitreousUhumor has had-récorded"'

:values ranglng from 7.7 X lO4 to 1. 7 X 106rELaurent;et'al{..1966), ~

‘!whereas from human synov1al‘flu1d the‘molecular weight varied from 1. 2

©x 1080 8.4 x 108 (Fessler etval 1954; Balazs et al.; 1967) The S
.molecularvweights of Ch 4-S cha ns have been found to vary between-> |
1?14 300 (Harler and Dav1dson, 19639 and 50 OOO (MatheWS, 1953) Slmilar
'variatlons in chain welghts of dermatan sulfate have been reported from

17, 000 (Fransson and Rodén, l967a) to, 48 000 (Jacobs and Muir, 1963)

cThe latter:figurezls.also given for~heparan_sulfate bvaacobs and~Mu1r.
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. Keratan sulfate with polysaccharide molecular weight averaging 6, 000 -
20,000 (Antonopoulos and Gardell 1963) is perhaps the smallest of the'

aonnective tissue glycosaminoglycans._chhubert‘and.Hamerman (l968)»

attribute a repeating unitﬂnum er of ten'to the smal}est figure of the

a

" range.
e

hain weight would suggest that a

‘

‘i These varying ranges of

particular proteoglycan has .diffe

.

ent gly&osaminoglycan chain lengths in

the same. tissue as well as différei 'engths for d1fferent tissues

n(MUlr, 1965), thus further demonstrating the- heterogeneity of all the

glycosamlnoglycans. It should be empha51zed however, that the prepara—b~"

I

tion of a pure 1ntact polysaccharide of very hlgh degree of polymeriza—‘ :

tion and in 100 percent y1eld is an extremely d1ff1cult problem' there—
gfore, all molecular weight data sh0uld be viewed with, caution (Laurent,-
[ .+

1970) Nor does the p2?51ochem1cal data obtained for 1solated products .

necessarily reflect the 31tuat10n 1n the 1ntact tlssue. " Several. factors

-

SUch as mechanlcal depolymerization due to use of high speed homogen- "

s : hane B

izers and action of lysosomal enzymes during extraction procedures may

-

tend to change the native molecules (Roden, 1970)

ST

.:vmigroscopic Hist;ehemicalvrdentification'Methods )
| The histochemical technlques‘for the light microscope demonstra—'
‘tion of bqth aeidic and neutral carbohydrate components of ground sub— ;'
'jstance and extraneous.cell coats are.quite numerous However;wthe mostAB
'Acommonly-used‘methods are the metachromatic th1a21ne dyes toluidlne blue'
.”' and azure A (Pearce, l968),_the copper phthalocyanin dye alcian blue h
}(Steedman, 1950), metal 'ion binding w1th ;olloadal iron (Hale, 1946) o

and the ox1datlon method with the periodic ac1d Schiff reagent (McManus,"

1946 Hotchkiss, l947) . Although a number of tissue‘components;,

4 B PN

o%

- -
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including qtilei: acids, phoSpholipids and proteins in additioh tO'”' ."‘!
sulfate and carboxylate containing compounds, are stained by these . .\-'

it is possible to determine staiﬁing specific for glycosad?no-”

"aﬁu glycoproteins.' The procedures neceasary for proving
e . R I

Lo ‘ spec1fidity of staining ‘are. careful regulation of pH and concentration

of the. reagents in solution, as well as incubation of control specimens

: - i

with subitrate specific enzymes and HCl in methanol for blocking sulfate

t

b ,.,.. . .
- and carboxylate groups S i' ‘ék

Of these llght microscopic methods sdhe colloidal. iron, alcian _

blue and periodic acid- Schxff (PAS) have been use& for the electron
.) TR *
microscopic demonstratﬂdn of glycosamlnoglycans and glycoproteins.- : .

. v " ’,, g e
C Except: for alcia:xﬁ, mod"if‘ g |of the E:e_chniques as u‘sed for

light mlcroscopic ggvestigation§ were né "g?pplication to -

4 - L & LI Qﬁ . .
tissdg“speCimens obtained for electron mlcr udy.,". o
.‘* ‘,1 ,' "J‘n . "’L n ’ . . ‘ " }~ ‘ P L .
o ,,ng 'fA riumbe# electron mlcroscope 1nvesﬂ%§htlohs for determinatidn
- & . ; ',a W 4-- , '
T of the nature of intercellular, interfibrillaf and cell coat components T
: .‘,"v' 4 .
(Cnrxan,and Clark 1963 Curran et. al. 1965 Ohkura, 1966 Matukas e§

o ”k? .,‘1967 Rambourg and Leblond 1967) have used a modification of the

Hale s c01101dal iron method as, suggested by Mo%fy (1958) »Ithhese - .

zstudies, the effectiveness of the stain has beeﬂﬁanestlgated either .

1ndlv1dually or in- comparlson to alcian blue and a modified PAS technlque,‘
¢ » - . ) o . . , ] .
‘the perlodic acid- silver methenamine method However, the reports are:

conflicting fagardlng whethér staining of thin spec1men blocks (50 microns)

before epon embeddingxgr dlrect stalnlng of ultrathln sections after
embeddlng is the best method of appllcation to overcome. the pooqg

RN
Y~ A
e [
-

\
penetratlng quallty of colloidal 1ron.~ Although densé spherical particles

BN
s

25 - 50 A in diameter are v131ble w1th elettron mlcroscopic obserVation

when penetnjtion 1nto spec1mens is favourable, a con31derable proportion

Q’? o L_".‘- o= \ - ,

. . , , B &o.}
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of the density is non—specific._ In addition baokground staining occurs

>

in connective tissues due - to difficulty in differentiating out the stain
w1th 12 percent acetic acid. HoweVer, curran et al. (1965) demonstrated
that methylation gf tissues renderad negative all sites normally;%ﬂbwing )

positive reaction to. colloidal iron in the electron microscope, indicating

. A B .

that the reactive,material carried acid residues such ‘as carboxyl or
R 4

: ",sulfate groups. Matukas et al. (1967) also goncluded colloidal iron was “'

'sPecific‘fortglydosaminoglycans from observation of decreased iron

. deposition in cartilage matrix folloWing incubation of tissue speCimens

Will be suppressed 0 that only sulfa'

p
fh{

Cat'a pH of 2 are mainly undisgoc1ated and have limited 1nteraction.

in testicular\Pyaluronidase.‘ They claimed that by regulation of the: pH

at 2 the ionization ‘of weakly acidi- .adicals of non—specific components
i \Q - .

: o

/or carboxylate groups Will react:

a0

With the pOSitively chargesiiron particles.’ It is unlikely that any

great 1nteraction W1th carboxyl groups would occur at this low pH for
- ® : U o

gl curonic carboxyls have a. pK of 3. l - 3 3 (Mathews, 1959) and, therefore,
Te L

' The collOidal iron method may be further criticized by the lack
_"f:.» R . -
.of definitqimorphological structures ‘as noted in the published electron B
- ' : * * ‘( >

‘ micrographs of these-feports.j The iron particles measuring 25 - Sﬁ A

LS
2 ¢ R

c were distributed .as dense coats along the outer wall§\yithin ceLls,as T

~

seattered granulesﬁ“clumps of granules Within cartilage

iintestinal submucosa tissue. . ‘\g I .
. ., . - " . . B tx
ColIOidal thorium, another,QOSitively charged micef - G kbid.a;
- : .uw-""-"'
colloidal iron, was used by Revel (1964) Qecause its larg- -

¢ '\ ¢

i
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within cartilage matrix. These consist of clumps of dense particles

.'u

. with a peripheral linear array of particles which suggest an arrangement ’

of carbohydrate side chains of a proteoglycan.( However,athis material
and - the method of its mse alse n‘limitations.: The granularity of the

,thorium precludes the resolution of véry “fine detail at high magnific—

’f’ations and ‘the direct staining oﬁruttrathin sections nehessary for

‘maximum penetration of the thorium is laborious and results in greater
5 -
: s .

é/—\t-non specific interaction of the material through displacement if

sections'are subJected to rou h ‘treatment. In addition, the embedding
oh ereatop

¢

.material is restricted to methacrylate as epon_or. araldlte does not allow

satisfactbry penetration of colloidal thorihm This embedding material .

D]

limitatlon is a disadvantage for methacrylate decomposes under electron

bombardment cau51ng a drawing together of«tissue components as-a result

of surface ten51on,forces created by melting of the methacrylate (Pease, ,ﬁ

k ° .

.1964) »‘5' e

¢ NSRT 2

S _‘ The staining of tissue specimen blocks With alcian blue for

electrgp microscopic study of glycosamlnoglycans (Tice and Barrnett,'
- .

11962 Ohkura, 1966) produces satisfactory contrast in the amorphous

P

‘ground substance b?tween connective tissue cells’ and collagen fibrils.

<. . -

The density con51sted of fine granules 50 A gpchameter arranged 1n a:

.Y ]

was mainly located in the outer surfaces of the spec1men blocks

N . e

Akl .ﬂ_vindicat;ngtthat decpﬂpenetratlon of af%ian blue is not one’ of itSL;'¥ '
: . o ' s

',

P N e3

ng:fo“virtues. In addition. to ‘avoid hon spec1ftc uptake of dye molecules by

?4ﬁ‘y' weakly ac1 grougs, the dyc solution has to. be used at a pH of 2. 5 or,
lower for optimum 1nteract10n w1th sulfated glycosam1noglycans.=

-

c ”_‘ “_ The periodib ac1d 51lver method ‘was claimed by Rambourg and

YR

R Leblond (1967) to t\e fairly speciflc for detection of glyéoprotein h"

. . g .
) SO ' - : . S .
’...'/ T T T : : . . ° :

'linear pattern and as electron—opaque aggregates However, the dens1ty ’7

Ti
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composition of cell coats at the sutface of mammalian cells It was o
, noted earlier that these cell coats also‘§3came electron dense with

colloidal iron, a compound shown to be specific for carboxyl groups, as

-

. indicated by 1ts non-reaction after methylation (Curran et al., 1965)

' ”d*However, it is not likely that the earboxyl groups belong to glycosamino-
. I ' "6 1 R ' S e l
ni,__
St ——glycans but rather’to sialic acid m01etgh$ “of glyco

gins for i?on .

“" ’ l’

"deposition at the cell Surface was not- abolished by prior testicdlar
hyaluronidase incubation of the tissue spec1men. Of particular interest.
"is the deposition of silver particles around collagen fibrils Although

“silver is also dep051ted around collagen fibrils in the absence of prior
. . . ' . “» . ..
‘periodic acid treatment, these dep031ts are, of an increased srze when the

‘ complete PA—sllver proceduft is'bmployed ?his udb—specific uptake oﬁ,w
silver without acid treatm!ai occurs with other structures as well and

- i then becomes necessary to compare tissue specimens subjected only to

-

' 7811ver methenamine w1th spec1mens stained after periodic acid treatment.‘
. ’ i

' Thls could be cons1dered as a weakness in the method for it adds to the
’ other standard procedures necessary for determining spedificity of

-reagent 1nteractlon with glycosaminoglycans or glycoproteins. ’1nh“"

1add1tion Rambourg and Leblondopoint out that the flxative agent could

\ .
i : . v

'lalso add to non spec1f1c stainlng by elther creating more tissue

L a__'reduc1ng groups or direct reductlon of the sliver solution. ' :
IR . Y 5 . .
" ook Iﬁ'the selection of a suita ‘ ectron dense c0mpound for the o

0a1ned Within\gingival periodontal

\in de51rable criterion should be_f

RS -

llgament, 1t 1s reasonable that

-

,..

.formulated . These are (a) the compound should be a. catlonic reagent ;

-_'wit_h a hlgh charge dcns1ty, (b) the reagent 1n_sd1‘,‘*ian @.h&xld be stable ‘.

L. .
L Ted B . .




K ‘ .
RO _ R o 61 -
i ' Py e C
’sfhple and appliifgle to l/2 millimeter tissue specimen blocks, (d) the
reagent should be.capabln of completely penetrating the specimen blocks
‘for uniform distributton of density, (e) the density produced should

‘P
onsist of a minimum sited particle (10 - 20 A) that allows at high

‘ magnification good resolution\of fine detail thus enabling visualization

—ofvdistinct morphologic_patterns within—interfibrillar spaces, and (f)“_”mu

there should be a‘minimal distribution of - density in’ non—specific

structures which‘can be distingUished by incubation of centrol specimens.

47 -

, in specific substrate enzymes and the methylation reagent Although it
X

AR X3

is- acknowledged~that an electron dense compound may not satisfy all

these requirements, thus neCessitating compromise,rthe c01101dal iron
. v o N - “
and thorium, the alcian blue and the PA-Silver techniques, as well as

posseSSing the limitations already discussed 1ack too many of these

.

qualities to deem them suitable Tor use 'in ‘this- gingival periodontal

- -k Rt I

ligament study

S Critical evaluation of two other techniques u51ng electron dense

compounds; bismuthWnitrate (Serafini—Fracassini and Smith 1966 Smith o

PRI ~

Peters and Serafini—FracaSSini,_1967) and phosphotungstic aCld (Pease

:tand Bouteille, 1971),also leads to the concluSion that these compounds;
e t [N P . - -
,are unfeasible for a study of periodontal 1igament glycosaminoglycans._”
'd‘ . ] .
The bismuth nitrate technique is claimed ‘to give good preservation of

L@

protein polysaccharide complexes in cartilage, however, there could beh"
-.drastic results in periodontal fibrous tissue due to the twenty four

hour exposure to 0: 5 percent bismuth nitrate in 0. l nitric aCid before

e

,fixatiOn.' Phosphotungstic acid, although it has been claimed to be a-
- ..

' speCific stain‘for pclysaccharides-b

3.

‘mhinding to numerOus exposed

-

T hydroxyl grodps’ does nqt;g§ssess'this sp.h” flfff:

-'v-.d>
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hydroxyl grOups of polysaccharides could ov r not. only with proteoglycans

.and glycoproteins but also with polysacay arides in eneral Hence,

determination of specific staining of carboxyl and- sulfate groups of

glycosaminoglycans is not pOSSible with methylation In addition as"“

;__uiwfsnstaining is -by- direct application to sections, a special eTbedding resin,: '
hydroxypropyl methacrylate is preferred as epoxy embedments may block |
the staining reaction Therefore because of these criticisms, it is ey @I

Tnot likely that either of these methods would'be satisfactory if %I |
Similarly applied to gingival periodontal ligament h'l; . .féﬁ

Although several methods have been investigated and found '

lacking, there is one method which comes very close to. meeting all the

iy PR

criterion formulated preViously This is the ruthenium red method

a. —

‘~developed by Luft (l964) Ruthenium red. can be used at phySiologic pH
e .
on tissue specimen blocks, its method of use is uncomplicated, good

contrast is produced in tissues without ‘need ‘of counter staining, the
& ._-" Vo

denSity has good resolution at high magnifications due to a 11 3 A

<

»h, .
. “
molecular Size, and . it, produces excelleﬁt electron dense morphologic

patterns in interfibrillar spaces as demonstrated by Highton et al

- L
“

Y-

(1968) and Meyers et al (1969)
ut

However, ruthenium red does have its limitatipns. It reacts With s
‘ . .y ,'-:_"’:v‘

: a variety éI fissue polyanions and it has a rather shallow depfh of
e T ) -

s—~”' penéﬁration into tissue siﬁhimens.“ . {fj" 5 G fc,photomicrograph

’~

a is “limited to this outer

. .%ons from the periphery. If the stud ‘[

\(,, R . E Bl

ﬁvzone, decreased denSity due to inadequatelpenetration w0uld not be a

. serious matter except at- the Innermost b0undary to which ruthenium red

- .

has penetrated L ;'1" B R3S
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Historical Data and Application , _
: of Ruthenium ‘Red ST

' Ruthenium red originally di covered by Joly (1892), is a highly o
cationic, inorganic compound usually repared synthetically from

ruthenium trichloride with chloride toms servﬁng as the counterions.

It is not a pigment, but, when diss lved 1n water, it’produces an

- 1ntensely coloured redléblutlon (Luft) l97la) Fletcher et al. (1961)

studied the chemistry of ruthenium red nd from their results, interp—

reted that thlS compound 1s a trinuclear

onic complex‘iormed by oxygen
bridged ruthenium'atoms in a 11near configuration of. Ru- OBRu—O—Ru,‘which
is associated with fourteen ammonia m;lecules. They give a molecular

: welght of 858 5 and propose thecstructural formula F34\' : |

.“.‘ V B 6+ ',7.-“.‘
‘ ;_ [}NH3)5 Ru 0- Ru(NH3)4 -0- Ru(NH ):]
o In additlon, Fletcher et al 1dentified d seco (d c
ruthgnium brown resulting from the ox1dat10n of the ruthe m redncatiOn;;
+ ~N
|:NH3) Ru o Ru(NH3)4-O Ru(NH3)5]

ThlS cOmpound is as eas11y reduCed back to ruthenlum red as it is

- l -~ ,u.

.1rqm ruthenium red, thus creating a repeating valence cycle. o

between +3 and +4 of one,_ the ruthenlum atoms 1n the red’ thAbrown:vbn-

: .lonicucomplexes.

: ;cbmﬁe- ia reparati ) i ed alSo contain ruthenium brown . .
ruthenium v1olet as- impurities. R j'tikr"*
ﬂ.v Ruthenlum red was flrst described by Mangln (1893) as -an optical

hlstollgic sta1n for pectin substances (polyuronosaccharides), gums and
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dged ruthenium atoms in a 11near configuration of. Ru- OURu—O—Ru, which
. . " :
associated w1th fourteen ammonia molecules. They give a molecular
0"'
ght of 858 5 and propose the structural formula Fs¢\

I:(NH3)5 Ru~0~ Ru(NH3)4 ~0-= Ru(NH ):] 6+ L)

; ' In additlon, Fletcher et.al 1dentified d seco (d c‘

hguium brown resulting from the oxmdatlon of the ruthe

m red cation.

[jNH3) Ru 0 Ru(NH —0 Ru(NH 7+

3)4 3)5

5 cOmpound is as ea511y reduCed back to ruthenlum red as it is

- l -~ -u. —

deen +3 and +4 of one,_

the ruthenium atoms 1n the red” thAbrown 5

) N o s ‘1‘.%‘..::. R
LCucomplexes. w*, o T

; ial preparations of ed also contain ruthenium brown‘ﬁn
ruthenium v1olet as- impurities. S .i‘ C e j'iikt‘h‘
ﬂ.v Ruthenlum red was first described by Mangln (1893) as -an optical

lOllglC stain for pectin substances (polyuronosaccharides), gums and

/L‘

V7jlwb

ars (Splcer, 1960) that would add to the few carboxyl groups Stlll v e -
R . e n

;oc1ated tO 1nten51fy stalnlng The probable explanatlon for mild T

-

1Ylatlon abollshing ruthenlum red staining but still allowing a - '%:\

\ . N



red'{pH‘Z;S) to stain several sulfated cosaminoglycan containing

”

f“,structures‘of rat and'mouse'tissues. He also ted ‘the competence of
this dual staining technique for the- histochemical characterization of ".

‘,sulfated glycosaminoglycans in general by the interpretation of staining

_;M;_~_ variahility observed”in_methylated.sections before and after saponific- fi““
‘ation as well as enzyme-digestion of Sections with hyaluronidase and
neuraminidase. He concluded that the dual staining reactions of ‘most
Asulfated glycosaminoglycans following these control procedures implies :

'fthat alcian blue and ruthenium red react rather selectively for sulfate
and carboxyl groupings respeCtively -

L n;:f Althpugh there was an earlier report of apparent 1ncreased
‘Ldensity of Neurospora cell wall (Shatkin and Tatum, 1959) at the electron

. microscope level following ruthenium red stainang of thin methacrylate, |

sections, the first published electr%g micrograph of cell wall density

-, attributed to ruthenium red . stainlng was: of a marine diatome EReimann,'

h196l) The den51ty was later (Reimann gt al., 1965) shown to be located

A'f '1n the muc1lag1nous coat of the cell wall rather than the cell wall

'itself e . S L l' ‘ —

Schnepf (1963) and Scholtyseck (1964) also photjgpéphi:;lly

demonstrated den31ty produced by the effects of ruthenium red on
T ‘sections after embedding The 1nvest1gation of the former concerned

the Golgi elements of plant tissues and the latter concerned localizing
' T ’ ST , e
glycogen 1n a parasite._' ’ ,' : S e g‘ C),» .“'

-

Gustafson and Pihl (1967a) employed ruthenium red as a vital

staln on suspen51ons of . peritoneal mast cells The elecxxgn_densﬁty,
' L
although relatlvely 1ntense, was 1rregular1y dispersed from cell to

- -

W
"'/ .

,cell in the heparin conffjning granules e ThiS'ﬁarked variation in »

granule electron den51ty was, surmounted by using' ruthenium red on f"-i v

. . . .
r, . . . . - ' o . .-



-ultrathin seCtions of - peritoneal mast. cells embedded in the hydrophilic

.embedding material. glycol methacrylate (Gustafson and Pihl 1967b) In o

addition, this ‘Same section staining technique was used by Pihl et al.

'(1968) to demonstrate glycosaminoglycans in sections of rabbit ear

x O - e i il ey -

o )

mcartilage likewise embedded in glycol methacrylate ' However, Martinez-

‘ Palomo (1970) failed to reveal a surface coat in a number of epithelial

N -

tissues when ruthenium red was similarly applied to glycol methacrylate

§

sections.-
\ . . o
The preVious experiments indicate ‘that the density produced by

“‘-ﬁ.w

'ruthenium red staining is of variable strength and distribution but is

——

likely to be mowe intense if Single cells are exposed to the dye either
beéfore- embedding or after embedding with a water soluble resin None of
these experiments included'the pre—ambedding exposure‘of single cells or
tissue blocks to ruthenium red ‘mixed With osmium tetnoxide.. The idea of
combining ruthenium red w1th -osmium tetrox1de originated w1th Luft .
3

_(1964) In a study of mouse and frog mlCtOVllll of intestinal epitﬁeiial
cells, small pieces of tissue were fixed for, one hour in cracked ice with
. BTN o
S, 5 percent glutaraldehyde or acrolein in- O 067 M cacodylate buffer (pH.‘
(7 0 - 7 5) containing 500 ppm ruthenium red. Follow1ng rinses in the .
cacodylate buffer, the*tissues were post fixed for thmurs at._ :oom
»temperature with l 0 - l 67 percent osmium tetrox1de in O 067 M caco~'
dylate buffer. (pH 7.0 = :7.5) also containing 500 ppm ruthenium red
De&ydration was w1th 1ncrea51ng strengths of ethanol and embedding in an o
" epoxy reSin.‘ This procedure resulted in an- amplification of‘electron
‘ density inrthe-filamentous‘or "fuzz" layer of the plasma membranes of .
'A'the'microvilli cells The dense deposit was eaSily visible in the '
electron microscqpe by Virfue of its own’ mass w1thout need for further
staining With heavy metals._ In the-same study, ruthenium red-stainéd a -

-

o

Q GO



"because of its notable density, revealed the collagen fibril periodicity

'as a negative image. T _ r : o %L»

v_other workers (Kelly, 1966 Bondareff 1967; Morgan, 197ﬁ Behnke, 1968

ngh: n. et al., 1968; Myers et.al;, 1969 Brooks, 1969;

1970' Hashimoto

LV e 67

substance which appears to cover collagen fibrils ;gh%%use diaphragm

*

'tendon. This subs ince also seemed to cement the tendon collagen

fibrils to nearby triated muscle cells. The cementing sﬁbstance, -

R

-

In a further study, Luft (1965) fixed control specimens of frog

R

'jxiphOid cartilage in buffered glutaraldehyde containing ruthenium red

The resulting bright red tissue was then dehydrated and embedded in an
epoxy resin w1thout exposure to osmium tetroxide The red dye was seen'

to be located in the matrix of the cartilage when 1 - 2 micron sections
\ .

-were ‘studied in the light microsco e, When adJacent thin sections
p 4§i

(1000 A) were’ examined in the electron microscope, no extra density was
seen in those same red areas observed 1n‘the light microscope and there-

fore, must have containe@sbound ruthenium Ee s

'However, when additional

~

. cartilage tissue spec1mens were post fixed in Ssmium tetrox1de containing

-

'ruthenium red, the matrix appeared brownish black in the light microscope
instead_of red. AdJacent thin sections of matrix examined in the electron.

: . - . o "o _
‘microscope revealed, without additional staining, short threads 50 A in

. .« . . '. C ’ O_ v
thickness® joining together dense spherical-deposits 300 A in diameter.

‘.Luft suggests that this meshWorkvof'spheres and threads-represents the

protein‘polysaccharide macromolecules of cartilage intercellular matrix

Subsequent to these 1nit1al reports by Luft (1964 1965), many

[

Groniowski et al.,
| % o
1969; Martine <Palomo et al., 1969; Dimmock, 1970; Fowleﬁ,'l970; Price,

d Lever, 1970 Hashimotb 197l)yand including Luft Bim-

self (l966a, l966b), have Sincc used this same fixative dye combination
- E 80 .

. _)’» ‘\ .
for the“electron-microscope demonstration‘of strucqures composed

- . . -
' . . . ST




' ey

partiallyvor entirely of acid polysaccharide—protein complexes.

_ Some of the previous articles make direct references to the‘
L 1, =
ruthenlum red method as described by Luft whereas others report
. &

0N

employing various concentrations of the dye w1th h cold. (4 C) osmium.uJarfgamnu

tetroxlde. Nevertheless, 1t is apparent from the1r publlshed micrographs“‘

that 1rrespective of stainlng solution concentratlon, densxty 1s equally

-

u

satlsfactory w1thout addltional ~staining w1th heaty/metals. Howeven; in
?those experiments with- anlmal tlssues, a common criticism was‘fhe weak

'g%puﬁﬁnd erratic results noted in sectlons taken from the center of the tissue
N .

_'}w'“mspec1men block This is presumably due to poor penetration of‘the

' ‘ruthenium red,

s

3

‘..

>

- ‘.

. . » <

\ . '-l_’ , ¥pec1f1clty of Ruthenlum Red -

1

_/A Mangln (1893) was. ﬁmpressed w1th the 51ngular ablllty of

iruthenlum red to staln pectln substances. HOWever~ Mehta (1925) reports ’
v : %i . :
. that spec1f1c1ty ‘is not- completely excLUSLVe to pectln substﬁnces for:

' o=, 8=, .and A oxycelluloses, hemlcelluloses, gums, galactans, free
fllgnan _manpan and amylohemlcellulose also staln W1th ruthenlum red

Y

"-Bonner (1936) supports .the - non-spec1f1c1ty for pectlns and malntalns that
—ruthenlum red s, spec1f§c for the 51xth carbon ‘atom carboxyl groups.
N

Luft (197la) did a qualltatlve experlment to crltlcally evaluate

-

the speclflclty of ruthenlum red Spee1§1c1ty was . 1nd1cated 1f a precip—

‘31tate resulted from addlng a. .solution of dllute cacodylate buffer

S ¢ o

g

g



._observe possible Tyndall scattering due to a finely dispersed precipit-

»l

3

Y “e v

o PR d'_ “""“-f[fj.;“; o g h 69 o
containing 500 - 1000 ppm ruthenium red to solutions of a variety of test

substances.’ If no precipitation occurred the mixture was. illuminated to
ate. ““The’ results were grouped into four classes. (l) no reaction : ., L

determined by lack of both prec1p1tate and Tyndall scantering, (2) weak .

turbidlty (d stinct but dispersed prec1pitate), and (Awalocculent

m . S

;aﬁipitate 1dent1f1ed by a heavy coarse’ prec1pitate. . A R
1 . "’ \ o '4“ "“' N T

\\j‘ There were fifty seven substances tested and according to Luft;

_the rasults 1ndicate that ruthenlum red- is~generally unreactive w1th

’ pept!ﬁes (e g.,

‘proteins (e.g , a

T e ~ o
neutral polysaccharldes (e 2., soluble starch inulin), neutral poly— L
[~] D . )
oly L hydroxyproline poly—L—tyr051ne), various test'

, in, fibrinogen), a component of the\repeatlng

-

structure of. hyalu nlc acid (N—acetyl D—glucosamlne), saallc acigpand
-.-/‘ . v

pure glycoproteln Those substances g1v1ng weak turbldlty have hlgh

-
-

charge den31ty but low molecular weight (e g s poly L—glutamic acid)

whereas those substancea'with low charge den51ty but high molecular

. , . -4
welght (e gy hyaluronic ac1d, poly D-glutamlc ac1d 1chondr01t1n sulfate)

“

: give strong turbidity. The substances g1v1ng the strongest reaction w1th

| roltln sulfate, thrombin, poly &'glutamic acld poly—L—-aspartlc ac1d, o

flocculent prec1p1tate.are polyanions wlth high charge den51ty (e g ,;
pectlc‘ac1d heparin) The commoﬁ\denominator among the 2 substances is
hlgh polymerizatlon and a charge density - greater than that p-c,ided by a.
Substance extensively substituted w1th?§lcoholic hydroxyl groups such as
the highly polymerized 1nu11n and polyv1nyl alcohol Those substances‘

tested by Luft that satlsfy thls requirement ‘are' hy lurohic acid, chond-

nasal mucus pectic ac1d heparin and poly crylic ac1d : It 1S'also-

' 51gn1f1cant to note. that pUrlficd samples of hyaluronic aeid precipitated . .

M : . - oo, . . : . BRI - RS



the ruthen&um\brown component of ruthenium red similar to that noted by
Persson (l9§§) .

L2

It has been observed in electron micrographs that den51ty QCCurS

- SR SR -
SN ‘ )

in intercellular lipid droplets of tlssues exposed to ruthen1um rgd In“

v'additlon to the previously described qualitative experiment Luft . (197la)

[ 4

in&%stigated the reactlon of ruthenlum red w1th the following 11pids“,'

.

crude egg lec1thin, i\s separated main components, lecithln, lysolec&}ﬁ

. 'i
' and phosphatldyr ethanolamlne, pur1f1ed phosphatldyl ethanolamine, l§

. A PROR
- purlfled phosphatidyl in051tal, phosphatldyl serine, and cardlolipin.‘i‘

AN
‘He also 1ncludec? in, rthls study the fatty acids lauric ac1d myristic

¢
ac1d palm1t1c acid and the trlglycerlde tripalmltln. Luft ‘reports. that

the results of thls experlment demonstrate a strong reactlon with the -
.

more soluble fatty acids and w1th all the phosphollplds except lecithln

Luft concludes that cautlon shguld be used in the 1nterpretat10n

m_\ .

“r rec1p1tates not only a large

‘nl.number of polyanlons but also phqkphollplds aﬂd fatty ‘acids. However,"

':’the llkellhood of encounterlng most of these in tlssue spaces is very low

‘u-unless they are introduced dellberately. There is'a posslbllity of - g?

»

;\“

' acc1deptal leakage of - cytoplasmlc materlals from damaged cells, and this
! should be kept im m1nd in lnstances of unusual extracellulpr dtn51ty.

«oNevertheless,'the probabllity is hlgh that the extracellular den51ty is’

.assoc1ated with glycosamlnoglycans due to the v1gorous reactlon w1th ¢ -

iruthenlum red glven by chondr01t1n sulfate and hyaluronlc ac1d FurtheQP
'“gmore, .one should also prov1de supportlve ev1dence by employing enzymatlc

crm——

-_spec1f1c1ty technlques w;th hyaluronldase for example, as well as

blocklng agents ‘such as methylatlon and cetylpyrldlnlum chlomade

Xy
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) - The previous experlments of Luft explain the SLleCtiVity of

rutheniunréid as a stain in optioal histology or. histochemistryw _HOWﬂ

. -
e e‘yer, they do not explain the nat‘ure of the. bhcmloﬁl reactidn between "_.‘*,
; L] \1

’ . "l i'b.‘ . . “ L
. " Y Q. L) % ot 'n‘4‘$. .

ruthenium re_d, osmium tetroxid‘e antl the ‘g:.i’SSué t:h'ﬁt. résults in an

.‘..

amp iffcatlon of density ea511y se,en 1n the. electro%mlcroscope. '{j

Co «'; s

- ~Although~this chEmicaJrreaction is -hot4u11y~~ undez:stood at- presen
. ' <

- (197la) proposes two 1n§‘
‘v reaction. N ' _"‘

o T :‘ L ' ; Jv:&"‘;'.a'
i ‘, ' The first hypothe51s - E

PRI , . 1; ,\-’

. Y
) e PR

£ Lmﬁ g

'fm‘ b

It beg,mé wi h the '

,.‘

ox1dlzed to ruthenlum brown b; the osm1

" ~

ggx te tr{’)‘mde. The

'*u

) brown 1n turn captures .an’ elec;ron from the glycosammoglycan""substrate
0; i : LI

N’.‘,a'nd becomes reduced back to ruthenlum reﬁ whlfe at: ﬂge same: time the., - b

"’U
! A; DU
M '

B -“ C’ --a

.-_. substrate 1s roxidlzed In C'he presence of more, osmlum tetrox1de,'ttie,._ @ :{ -,
: '.‘~ "' W . “‘“u

L . - - X x.n.-» I

cycle 1s repeated .untll oxidatlon of the glycosamlnoglycan 1s completed

A _~., EE -

with an- equwalent reductyn of the osmlunrtetroxide to 1 wer 1nsolub!e.
. . K " .. K . . 'ﬁl"

\r dbthus aﬁunctlons as a catal‘yst ;m“ "'. _'

‘.4
o~ DK PUCER

' oxrdamon products. The ruthen:

.,,:

"",ransfer anyo el ct;rox‘i
polecste of xof ot e ; %

o e i

moleculga o'f ogﬁum tetﬁt‘nxlde ma_.y,be_
' . P A
,the rcglon of tFahound rutbeglw red

M . - "% .P Yoy




A

that t'thenium re_d like other(éslements of the, platinum group., shows Y

» v

¥
pronougced ox1dative catalytic actiVity (Griffith ‘1967) In addition,

y model experiments (Luft 1971a) have shown that solutions of ruthenium
.- . (‘n I -
: red and osmium tetroﬁ?d{e An cacodylate buffer (pH,J'é) slowly- turn bnown

. n,.

as does tissue fixé’d"ir\' the reagent.- This solution colour change is

thOught to be/é& oxidation of puthen.ium red ‘to ruthenium b.rown by the “.e

‘ o SR . ot
- equlvalent ﬁed‘ucticﬁr’of the ox1dizing agent ,osmium tetrox1de. Therm—

: Rges L ‘ ) -

 fore, ‘t\l%g; slow COlOUP cwnge ‘in solution, plus the complex reaction

. < ‘ :\w ‘.'

;geSted by tl'be catalyt}c model hypothes:.s may acc0unt for they 1n— PR

W 1 n *f ' o

5 .,creased 1ntensity and dlst‘rmbution of dens:.ty when the ruthenluui red- Q

.¢:_. . . - 0 . % “’ ) A ‘#‘ ., vt . v

osmium tetrox1de phase 1§ used aE the longer than uspal time (trhree"

- rﬂ R
hours) at room temper’éture. — _— ‘% - . T o
e TR . ) & ' a0 * b * BN
; 4 'I;he second hypothesis, ~'termed thk se'lf-propagatlng model" hy (

N - \u . . .

W I

Luft; 1s proposed as an alternate expfanation bg -‘_'use of;the discovery

‘\‘, ’ R B ~ . 3
3 ' 'Y .

S thatudehsity. in‘sec‘t!'ionsz under the electronwicro&&oﬁ was '1ow when the

.. . . » , . 3 . ! _ St

& . tissue: fixed lh g,lutaraldehyde eontainfng ruthenigjn red fvas- fol? ﬁy ' ‘

-uthe AR

Cel Moo e TR g g R A PR ST

e plain b%‘ffered ,o.smihm tetroxide whereas - th# densxty 1 %w‘ﬁeﬁﬁg !

) o @ . . i * ‘ g g - b'n’ oy,
= : ¥

-:,'.ruthenium recf 1s also .1nc'ltrded :Ln the os‘m um Ee.troxade., sugely a@

’ p.»"i',,~/‘ T\ . “"““’t

"';'sm(‘ctly catalytié*reaction would functﬁm as well Wi a molecule of‘“:'

_n.

':‘ruthenium red prev1ously bound t:o t1$sue during exposure to the ru%henium
" red’ glutaraldehyde mix.ture as w'ith any mo],,ecules of ruth 1um red Qo
4 ) xv"‘f ta !

congﬁibutqd' by the ruthenlum red-oQ&um t:eitrok% mixfure. Therefore,

-accofding 't-ﬁ the self propagating m"od the- 1n1tial reaction s s:.milar e

1 ~':... > L p ) ) ,"
! / 'to the catalytic model 1n~*=that the blndlng of a‘}ruthenium red molecule . “ ﬁ'a

R

Cos s»

Lan ss"

f'o'llowed by oxa.dation of ruthenlum régﬁgo

PPN . 5
B S

“to the glycosammog

Y
ce ruthenlum brown by ,1um tetrox:Lde, b\ﬁ the ox1dation of the poly-—~

1 S e

'-.

' _saccharide substrate.generates a new céxhoxyl from sugar rlng carbon and
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“

m\olecule. Hence, additional osmium te‘trox1de_ is., required to oxidize this
’ ’ . i . Y '.'.
second ruthenium red molecule and, in doing so, the osmium is redueed to .

i ‘
w oo Y > LI : \

a’ fw which produges elecE"ron den51ty along the glycosaminoglycan chain.
o ¢ oty Y 4.
Y YR This p oéedure repeats itself by self perpetuation and ceases Unly with o

\
'R N

the depletion of ruthenium red needed - ?or%the .propagation. 'I’herefore,
Y . 9 » . ‘

R the explanation for the low density observed in tissues wxere rutheni&‘m -
. e ‘}" ‘ a4 W & K : .

\"‘E'EH is included only at the glutaraldehyde phase and not uihe osmium

a ey

R tetroxide phase is. inSUff,lcn.ent ruthenlum red molecules for blnding to

Cgt
L .

I
S

'n'ewly‘formed carbpxyl grou“ps. The more. ruthenlum red molecules bound to

-the glycosaminoglycan, the gre@ter wﬁlb
coel ‘ . ‘ "\h 3 . .
v 'resultlng from the reduction of bsmru&n &tw‘ de‘ m 1ts ox1dizing .

~ A
. ,‘ kX
' [

amount of %ass density

v

] 'reaction of ruthenium red

(,»,ri N

- ¢ . e o o e Lo
o As a thlrd alternate model one could dsp_e,cslat&’ tha.t the“f .
L R T , . R
oo production of electron dens-'ty:by the interaction between.osmium R
TR ] L R . ﬁ’: ' L r-fst/.
tétro*u.de and ru‘thenlum rec _,,.»ms w1th the direct ox1dation of the’; ’

b . " n,r \." : .
glycosamlnoﬁycan by osmium tetro:flde. : In thls ‘!cheme, t:wo preliminary
. “y - X " ‘ e t‘
e events wauld have o ocCur as a result\ﬁf the/sox1dat10n of the g]:ycos-. T

amlnoglycan. . Flrstly,--adﬁtlonal ”blndu?g‘ﬁites %ld ue created through

RS TP
- 'v‘\._f - ‘,‘

: the formatlon of ne’w carboxyl groups and secondl'}?," the osmlum ‘WOuld be

'.-" " -t "" ) Y S te ": o v [
- reduced to an 1ntermed1ate osmate ion form wit“h a. +6 valencq Then,. .
| ’ B - v o S
R g . o cee T Lt ¥ % ¥
\uth the b'inding of f.‘he ruthenlum red moleCUles to these numerous s;.tes "#“
. B2 . ,’ . S . .,,. . * . .o _vv ‘
.", on t‘he glycosamlnoglycan chaln, a thlrd step w0uld be ox:Ldatlon of o &

IR SRR NPT ' - ! ~
e l‘ : ruthenium réd to 'ruthenlum ba:own by the osmate 1on whlch 1nv~turn is

L K R - ;_? - -.,‘.-.. e
£urther rcddced to osmium dlbxide w1th a +4 valence« ‘HOWeve,r, if

,* fl‘ .
WY S s RO &

osmlum tetrox1d'\j___.u8‘s ﬁ:he direct ox1dat1ve ageﬁt of t’he‘glycosaminoglycan

,_’ » . ." " "' » - T > 5 . . .
JrE ona vwguld expe;‘t to obscrve equal eleetron densﬂ‘% sectlpn% whether RS
T . . @ . O ' ,c ; ot te .. «'--"..' 4
.. N ‘A 3 ‘. ¥ ,‘" 2 .
o %*rutheglum"»red folliws pl,ain buffenyi osmlum tetb}ude or whether “ T
S ; ¥ - a '-‘"o =
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J mthpqsmitg Getmlde. It 15 obv1ous that osmlum
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does not: -function at this"l‘i’vel for tissues fixed in omwctoxide N

o ‘\"i‘ * (b‘; '
- followed"by expm:e\o r:.uthenium red gave. negative density when observed

o in the electron microScope. ’l'he slowly' darkenmg solutions of osmium
- '.\{ ~ & l T t )
“’ “ tetrox,lde and ruthenium red,givcs supportlve evidence t‘hat ruthenium red -

oo e being ox‘;}dized by the osmlum and thlS is qulte llkely the same place .

S in the procedure that osmlum‘un‘ctions in t153ues. '

o . ! PO S
o

_‘““ﬁfff;wiff:“m“_ meada (1970), “in hls report on the ‘dual Stainlng of sulfated ,
IR C NS »
‘ glycosaminoglycans with alc1an blue and ruthenlum»red suggests that the

v

bmdlng 1nteract1on of ruthenium red cat1ons w1th glycosaminoglycan ’

.- \ . . o . -

e o carboxyl anlpns- is’ by formatlon of a salt llnkage occurring accordlng to
o i t’he schematic chemlcal formulae 1llustrated in Flgure 5. %he diagram,
G T ‘Y

the top fox’.’mula 19 a 3 structural formula of ruthenlum red show1ng the <

: - 9051t10ns of the mﬂ__ ‘,ammonla groups attached to each of the thrée

o
‘. N R oxygen.'brldged ruthenlum atoms.f‘ From examlnation of step l J‘t 1s
. ¢ R & .. . I - ‘e
..,;-ﬁ_” ob\uous that Yamada has glven each ruthenlgﬁx atOm a. +£ ‘lenceg ,&hus
. . . . * . ) it "- " .
all“inng b;mdlng of two carboxyl groups per rutheglum atom by re#aca— L 1

R mentf"mf two of the ammonla ligands. e

R = . 5%%
In Yamada Sw or1g1nal d ram, he 1113‘9@3ted that egch R—C
l-é,% ,

,‘ éroup nppears as‘a} separatae entlty. JHowevé" ;l_}'all‘ these groh.up*s‘ fidul
g. '_ : have to be@lnked. via'their ."R" letters 1n %?Ege 3,-'”63.3 195‘9" t‘he poolymer
oo . ’ R ‘
2 st‘ruqtul‘e‘ff the gl‘ycosammoglycan.‘ It is not’ lc‘)pica]r to aSSUme tha,t.:
e one ruthenlum red molecule could extend 1ts.elf to randomly blnd tc: s1x ‘e

\l'

Y
. - -

‘ carbox,yl grou}gs belonglng tp 1fferent glycosam;nogl’éycan chalns. 'I'he '
2. A '

L g PR ARG 3 o )
R ~ ]
: o § mo;e corcelvable arrapgemen.t wouid ‘be- 0qe (Q»Jhere 'the ruthenlum red
S

,.;_ ) el —,' -

e,C‘ule ig allgned to f.1t alqng the flex1ble glycosamlhoglycan chaln..\ ,
,x,

\

B - .. Tt
’ .., . _l‘,'

L .'x".'.'.‘ SR v obex = '\; 9

Tﬁ% theigepnoductlon of Yamada s llypotbebls as 11.lustrated 1n _' ‘(,i-‘.y
CreasyooTo G Cep et - PR

d tzhe carba'icyl groups Jle’fed via the letter R tg the

. o P

er to_~s1mnlate the dls.accharlde repeatn'ng un1t of a
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. . glycosaminoglycan chain: Ihe letter R would represent thé uronic acid .

- 2 .
v component ‘and’ the letter~R would represent the hexobamine component of:
f.the repeatlng unit. . A c o *fl . .-
" : ' ) . . o Jow ‘
-~ In Yamada' s technlque, ruthenlum red was, used at pH 2.5 where

it : -t v ‘0 et

ims most carboxyls of glycosamlno lycans seem’ to be dissociated His

' ' TiIEVldence for carboxyls being b1nding sites for ruthenium red molecules‘

I3 UL

is the abollshlng of ruthenlgmnred sta1n1ng by m11d methylatlon and the {

o ". .‘ 'L -

reaurn of, stalnlng followmg saponlfica'on of the’ methylated t{:n.gues

I3
R %*{‘w .
;&&3‘&3 N¥The loss of all negatlvely charged groups from a glycosamlnoglycan by A
<N A, e . -

e _ the mothylatlon reaction and the" return ;Of negative charges to only the’

- 1

thboxylate g%oups by the actlon of saponlflcatlon w1th dilute alkali is:

demonstrated by the two reacfions g1ven below (Schubert and- Ha

T e

<
..""l L] . " oo, .
o - i P
. . S Methylation
- ‘ L v“ g l‘. . P
' I"'.f . - - L : © o
. L = -~
O SO3 Na» + 2CH30H _ﬁ CH3OSQSNa
: e e e
COO 'Na- ‘ + HCl + NaCl + NéO.x;;
| . o . C e
L Saponific . i
. . ' - ‘~ » ..
. . K bH . . _ . ‘ B ) g E" « ! .
. “ ) > 2 o e + OH ‘_ . ) g -t . CH3pH . o ’ R K
' coocujg e coa .o e e v
N [ B A - o L. K g- -
2*‘ P However, it was p01nted out earllenihn ﬁhe dlscu5510n of 001101dal

. v iron that carboxyls of glucuronlc ac1d have a pK of 3 1 - 3. 3 henceg at.
s . ) . : i

. .a pH 0f?2, 5 the maJorlt‘ oF theaecrbckyl g;ouﬁs ; =
e -’ . “ -~ . v s v.\-) ° : v N
‘ and therefore unreactlve ' The groups that would»‘
. . & *
thls pH aie the- sulfate groups of the galactosamlnes o The return of

. ‘. v

"uthenlum red stalnlng observed by Yamada’aﬂﬁér the mlld methyIatlon—n;
”‘u .
- N F x ! 2

' saponlficatlon sequence is probably due £o partlally methanolyzed sulfate,;-'

-" - . Ay . e > -
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- acid reacting w1th ruthen1um€brqwn

Nevertheless,

'(Figure 6), would occur at a pH ‘closé
9\ :

the pK value of. glucuronic carbo yls

,Hminimlze oﬂidatlonqto ruthenium brown
_presumed fronlihe slowly darkening solutions of r%thenium red and osmium
v.tetroxide th&t electron den51ty is’ a.result of‘
lred to ruthen hm:brown by Osmium-;

to a lower insoluble form (Luft

,lcatiqnlc molecule

<*rather than ruthenlum brown a9 thms latte; coﬂﬂbund 1s already oxadlzed

dissociated to intensify staining The probable explanation fbr mild

{methylation abollshing ruthenium red staining but still allowing a

diminished alcian blue staining is that the tiss tions Were first'

sub‘ected to alc1an blue, which binds to the ‘r ially ethanolyzed

sulfates, thus creating a smtuation where the ruthenium red would have

PRI DO

¢

fuo be strOngly coﬂpetitive in order to displace the bound alcian blue."

( K-

in splte of these conJectures the maxlmum interaction .

‘ betLeen carboxyl anlons and ruth%nium red cations, ds proposed by Yamada

é

In addition,

A

i; - 4.,‘ . T

" showed that ruthenium red reacted w1th purifled samples of. chondr01t1n

& L
sulfate and heparin (Persson 1953 Luft l97la) Furthermore, in a01d

-

et al. 1961)

. s_i.i-" q* 3 3

. .

As mentioned prev1ously, 1t 1s

N .

. PR
. :.:— . , 4 . . .

- A_'v.' . »&
W A ¥

£T0 1de leCh in turn becomes
£

DS ‘ .
- .

reaction 1n tissues, r eniugbred belng ﬂhe reduced form of the .

’ et :
woubdinaVe to bind 1n1tially to the tissue anions :

s -

_u.

: andigpﬁfd noﬁ reaet w1t2Nthe ﬁ%idtZln ag@htg osmlumntetrox1de.
_=. TERE 2 A T e e e T
R Y e AR T e
T O TN ¢ A

-

Hence, rf thls 1s the same "l

: esters (Spicer 1960) that would add to the few carboxyl groups still - .

N

- t : .
oyneutrality than pH %.5 due to..

there is e 1dence of purlfled samples of hyaluronicl

' vitro whereas 51milar experlmentsj-

./ solutions ruthenium red g e351ly oxidized to, ruthenium brown (Fletcher L

.

'3 ox1dation of ruthenlumn

(to glycosaminoglycans ‘for. electron microscope studies w0uld have to be'u“”z

-either a very weakly acidic, pH or, preferably,‘at neutrality 1n ordeg to»;f.f

J

¢

educed‘ﬂ~&.



"f‘-thls Rﬂane are two OH ~ groups on. either slae

?f subst!tute thémselves for the OH groups.

"u «z"
el

Whlch attempts tg. explaln the mechanl,sm of the -interactlowbetween

B 1

However, it is’ not likely that ruthenium red binds to carboxyl o

: groups as postulated by Yamada (1970) The‘carboxyl groups of both

hyqluronic acid and chondroitln sulfate are 10 A apart (Schubert and
ST .
Hamerman 1968), there&ﬁﬁe, the bunding of one ruthenlum red molecule to~

» “

e the molecule to stretch over a dlstance

l six carboxyl groups would requ

Of 50 AngStroms leew1se,_u the bind:mg_o_f %ne ruthenlumied molecule to...on

. .o
both carboxylate and sulfate groups which are 5 A apart in chondroitin
sulfate (Schubert and Hamerman, 1968) would take up a dlstance of é5 A

a
Y

for the six dnlons blndlng sites. As the mdlecular 51ze of ruthenium

‘ red has been calculafed at 11.3 A (Luft 197la), tﬁh blnding 1n both

Ty ..
-
.

situatlons is a phys;cal 1mprobab111ty.;_;"._’< - - B " ";f

-

. A more plauSLble explanatlon for the ‘binding of one ruthenlum l

-~ . .“ N ‘. . R .

“ red molecule to anionic groups is iuggestédtby Ster11ng (1970)
» "a . e )

Supported”by crystal structure ana1y51s, he-

."_*

. _.«01

o
‘;

o -

ﬁ ;?efqre any neat dlagram can be‘drawn or any hypothe51s acceptedv
Lo #,. s — .

- - - :
grutgenlum,red thﬁ tlssue glycosamlnoglycans and osmmum tetrox1de,
o N
E TR ' ¢
sevgra& qgestlons wpulg have td be provréed with nswers that are :
e 2o eed P . ,
i el e. L Lok
prebently unkn%w‘n DR T '-a. Y '
¢ : ;o v T L 3
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" of other tissue components upon the reduction reaction?

_actlon is fully understood

"‘;> . :. . - . .“A * ’.—" 4."‘

‘v oo . C w.,‘.s"r" ' o . ) “ . o : B . . Y.
%1rstly, what is being oxidized to, provide the electrons

A

nedessary to reduce ruthenium brown back to ruthenium red? Acco ji g-&b

) Luft (1971a),‘the anions of sulfates are not the source of electx&ns for

sulfates.are~fu1ly oXidlzed already'and carboxyls are hlghly resistant

g . . %
to oxidation. Therefore, a 1og1cal source would be the numerous exposed

.

‘mhydroxyl groups of the polysaccharide sugar rings. - -'ff~~“mr»~~"""ﬂ~~w~-”

. A second questlon 1n need of an answer 1s.\ What are- the effects

~

»

- “ -.‘-v\‘_ . ‘_ﬂl_,

In addltlon, to what degree would flxatlon mdﬁify the extent of

'.L,electron den51ty produced by the overall process’, Rambourg and Leblond

(1967) noted that flxation in aldehyde 1ncreased the&ber of

d

SRS
structuriﬁ unspec1ficelly stalned with 511ver methenamine. Thigi» -

certainly indicates an ugmasking of'reactive sites. However; to what

degree these unmasked s'tes could pg9v1de electrons for propagatlon of
”?“u# o Cen

sm‘v“

L . .
; o A1 . p

g
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’.molars of adult rats were chosen for the follow1ng reasons:

' fof the rats can be controlled to malntaln cllnlcal health

Chapter 3 I

MATERIALS -AND METHODS

e e T T et TR

,Specimens.of‘ginglval"periodontal llgauent frbm the mandibulary

st

(a) the diets

(b) the molar .

-dentltion and perlodontal supportang sQﬁﬁ%tures are 51m11ar to that of the

RERLTE

)

ideal miniature size for edequate penetration of fixative§ for good

morphologlcal preservatlon at- the. electron mlcroscope level, and (d)
,a.

s
P

t

erfu31on of flxatlves 1nto the vascular system of the anlmal can be

erformed w1th relatlve ease. : o

E [
T

Glutarq}dehyde was selected as the primary flxatlve -and osmfhm

N

4 .S

etroxide:as the secondary f1xat1ve Both flxatlve agente ‘were dlluted
-~y

At
. human (Schour and'Massler{_l949);;(c) the’supra—alveolar_reglonils of an

to. the de31red concentratlonSww1th sodlum cacodylate buffer (pH 7 4) The.’

cacodylate buffer was also used for* r1ns1ng tlssue specrmegs between the

P

3

rimary,aud secondary.flxatlon stages;-,All solutlons'were.useﬂ cleafiqr

g

(pH'7 4) with 1500 ppm..ruthenium red;

7(pH 7. 4) with 3000 pp@m ruth%mium red.

“Na cacodylate buffer (f‘, 4) w1th 800 ppi-¥ thenlum red
Ia.cacodylate buffer (pH 7 4) wlth 3000 ppm ruthenlum red.

Hld
Zg

3,. 2 percent (w/v) osmium tetroxrﬂe in 0.05 M Na' cacodylate buﬁfer
",(pH 7.&) w1th 400 ppm ruthenlum red; ~ -

2 P co . Lo

Z-percent (v/v) glutaraldehyde;inYOJl M:N‘;‘:?*ilﬁate buffer

.0 percent (v/v) glutaraldehyde in d;l'M’Na ,v ‘dyléte'buffer‘f

.



.',dlsc1ng in a j

. ‘,’through to - t 5

C g

'twent

.of flxatlon of four-h0urs duratlon in cold (4 C)u2_p9rcent oemlum

"jD’*, e B ‘?,;T o I .

2 percent (w/v) osmium tetroxide in 0.05 M Na cacodylate buffer
(pH 7. 4) w1th 3000 ppm ruthenium red, : : _
L

Spec1mens of glngival periodontal tissue.as descrlbed dlagrammat—

1cally by Flgure 2 (page 5) were obtalned from rats perfused w1th room

e . \

'temperature 1.2 percent glutaraldehyde in. 0.1 M Na cacodylate buffef c0n~'

imtadhing 1500 ppm ruthenlum red. -It-was felt that thlS was a necessary

4

' e
prellmlnary in the 1n1t1a1 trial phase of the experlment in order to over— '

v

come the uneven penetration of ruthenlum red. when conventional diffusion

v . - Ed

technlques ﬁre employed Perfu31on of the~fixative-dye solution into the

vascular system"ﬂ' a- ,pressure between 100 - 120 mllllmeters on: the physior

L y
‘~graph gauge was accdﬁbllshed v1a a canula 1nserted 1nto the left ventrlcle

N v'..,
N

exhibited a 5‘ hue from the ruthenlum red, and after ftfteen m'nu&es of

-

removed and apprOhlmately 1/2 mllllmeter tthk spec1mens

ilstal of the thlrd molar The dlsc1ng was accompllshed

Wlth a tootHm. bone cuttlng machlne (W E Nlclas, Jamac1a N Y.) iy

and "as-a coolant a contlnuous flow of cold;’ freqh perfu91on flu1d;uas

a "y

(.v.,

I'

" run over the dlsc and the tlssue belng cut. The 1/2 mllllmeter spec1méns .

1500 ppm of ruthenlum red mixture’ for an addltlonal hour of flxation at

o (:;:fter thlS one hour perlod the tisuue Sll”eS wére glven three e

c ! N e S
lnute rinses in cold (4 C) 0. 1 M Na cecodylatp buffbr cOnbaH%ingJ
. - l'} . \ . < . "Q
800- ppm of ruthenlum red The speelmens were then . glven a second%perlod
- "%

o= llngual plane from ‘the meslal of the fLISt molar on -+

-of the heart W1th1n flVe nlnutes of continuous flow, the °1nglval tissue

'were then Placed in a small Jgr conta1n1ng 1. 2 percent glutaraldehyde and ’
Y - . . \ .



'Q“ v tétroxide in. 0. 05 M Na cacodylate buffer containing 400 ppm of ruthenium

I

red Prior to the dehydragion procedqre, ‘the’ spec1mens were briefly

4 .

brinsed for five minutes 1n cold clear &’05 % Na cacodylate buffer. - '3;‘§p

v - :r 3

DehydratiOn was conducted over a period of three hours, commencrng with

cold 50 percent ethanol in water and finishing with room temperature

-

v’ Pe

twenty minute rinses of propylene ox1de and embedding ofptlssue specimens

- LA »
1

was -in the epoxy re31n,’ara1dite. The cured spec1men blocks were pre—-

pared foszectioning w1th a Porter Blum ultra microtome (Sorvallqmodel

- ‘ : . u\\.
‘frlously tplmmin&~away all hard ti55ues w1th razor blades,/

0

W "~V:-u R v

Flgure ?;, Sections apprqxlmately 600 - 900)éw1n thlckness were cut and .

» B

4’:_1.:. «

.

W

111um1nation and a 50 micron obJective aperature. . Some sectlons.wereg

.

rg._t : -aanOUS urany!'aeﬁtate for thlrty minutes, followed by Reynolds lead
. - . ‘Q . L .;,.,‘v‘o.‘ TN . .

T rc1trate for fafteen minutes. IR ] “ - . , :
oo, . . _' .‘I.“ : T o L R B -{ . R . .
~' N v z Ol - e . PR

: fﬁor purposes of CStdbllShlng d control afSecond rat was also

AN ]

‘perfuseg 1n the same manner except ruthenium red was omitted from the

K : ‘. v - '
perfu31on fluid The second step in. the procedure,»the-cuttlng of‘tissue

B

- . ,.,'.

)

’spec1men$ ‘was also. the ‘same :as for the other animal In addition the

& -vax R

"treatment of the 1/2 mlllimeter tissue sectlons wlth buffer rinsi
. "w; .

'o%mium tetr

\

Le

’-l~ - \ . 8 :

5 leaVLng the area of study contained w1th1n trape201d shape as’ shown in

300 Eﬂiat an . accelerating voltage of 80 kV u51ng a double condensor :,3

o' - & . o

‘ide/was again-SLmilat tggabat prev1ously described ';acept

T

2

absolute ethanol Clearing Of the alcohol was accomplished with three D

'erdvm‘ .

4the~c%*}agen flbrils and - 1nterf1brillar areas that were formerly ig close R

prox1m1ty to the tooth Surface were examined and photographe% 1n a th&ips

;hout'further staining and others after staining-with“S percent _
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Figure 7.

The Trapezoid Area of Study.
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'snbstrate specif;c enzymes actlng upon - unfixed tissues, a method of
- obtainlng fresh gingival periodontal tlssue had to be'employed The first
A method attempted 1n this 1nvest1gat10n cons;stéd of removal of the.mandib—
: le; -and cuttlng 1/2 mllllmeter sections w1th ‘the"bone and tooth‘cuttlng

machlne as, descrlbed prev1ousl§; w1tﬂ.the exceptlon that cold normal “

: sallne (pH 6 Z) was used-as a coolant.- However light mlcrosCOpic apd
later electron mlcroscoplcﬂgtudles showed thls method to be unsatlsfactory
due to poor preservatlon Qf morphologé The probable reason for thls

problem 1s explalned in the App!hdlx (page 145) where the'method is
) .ow
wrltten up in detall. Therefore, a second mcthodens developed whvrmhy
T I JEPINE @ »
ned by a glngivectomy technlquc fhls proced-

' o P

tlssue spec1mens were bb »

ure was also performed on eXClsed migs bles in the ‘frésh rcate. ‘The-

e

I & g

tal 1nc131on arodnd all\three molors Just béf%w the’ level of the aIVeolar
v . N . L L - .
g crest to a‘depth contadting the rook. 'After makingqan incfsion'lnter—'
. - \ \
prox1mally, the tlssue was reflected away from\}ts attachmeht to. the :
3 teethAoy cuttlng Lnto the cementum nlth a tiny spoon shaped elevﬁtor Onoe

'f freed-in thlS manner, the strip of'supra—alveolar tissue was diced vert—

E

) ) N

S ) ! . o S

: k&ally into '1/2 - l mllllmeter sectlons for prlmary f1x3tlon w1th 3 perd'

. -

'gt; cent glutaraldehyde 1m O l M Na cacodylate buffer contalnlng SOQQ*Epm of

'3“
§

o
K

. (N ‘;. 3 5 53
- 1u.,,uenlu'1 red. Ic™ was~ fel.. ..hat; as’ the strength of both the gluﬁt_&
L { ) D

-dehyde and ruthenlum red was . 1ncreased frbm that formerly used a%%pendlx,.i

o

N X o

‘-vpage 145),: a pre11m1nary study not involv1hg any controls should be under—‘

- v

n_taken 1n ordergto test the effectlveness of ruthenlum red<nt SOOO ppm.“' ;
o . « . . - AN . . 0 * 4
.- ever, after flxatlon of the tlSaUe sp¥c1meﬁ% 1n this solutlon for five
. a . ; PN S ) '.‘ - . i ‘ w .

hoqrs, it was,noted that %he ruthenlum red had been convertéd lyxo’tlny
.4.‘ < N : . e

fnlamentngrllke structures ﬁnd the pH of the solution had dropped from iﬁ

- hog

v N : . L T
. R U SRR A ST o LR

Y . S e . ; o .
. ey RO e e - . T e . . .
f—* : - RE L S e T AN - - RS

. i
removal of the tlssue was accompllsbed by flrst maklng a tlrcular horlzgr—

-

.\)._ _

?‘r to 6 Q » Neverthtless‘} i was dec1ded tlrat all the. teﬁaeal'lplfq;‘?ecyﬁe?,-'
: 53 o, . F)
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shouid be compﬁgied- inéduding embedding, so that 1 micron sectionsicould
be studied with the 1ight microscope for determination of the depth of
.ruthenium\red penetration. The 1 micron sections from several specimens

K all'showed poor'penetration of ruthenium red- HeAce, a solution of 3 per-
cent glutaraldehyde in 0. l M Na cacodylate buffer (7.4) was made Up with\

--a 3000 pPpm of ruthenium red.” After overnight storage at 4° Ty the

solution was checked for change in the- pH and precipitate formatidn,

neither of Whlch had occurred. Therefore, fresh sﬂ&htions of the glutar—-'

"aldehyde fixative, cacopdylate buffer rinse and ?smium tetroxide fixative
4 . '

- were preﬁared, each containing 3000 ppm of ruthenium red,  for processing

o -~

‘~_of additional gingival\\eribdontal tissues. These tissue specimens were
.fobtained by the’ formerly described gingivectomy technique from a rat of

the ‘same breed and dietary cOndltions as those previously sacrificed.

Yoo
The 1/2 -1 millimeter Sections were d1v1ded into five groués containing .

gt

-

. examples ‘0f buccal and llngual gingival periodontal tissue from all three

ﬁnplars.of the right and left lowér quadrants. Tﬂk-specimens were

divided‘in this manner only-for'the sake of ensuring tz7f’_-éh group -
would have sufficrent numbers of evenly cut tissue blolks as both buccal
and lingual gingival tlssues appear the same histologically, regardless ‘

. [ 3 b ° . -
of the molar 1ocation For identification purposes, “the five groups

were de51gnated A, B, C, D and E. Individual specimen blocks belonging

~

"to each group were a531gned an arabic number.(A—l;'A—Z, eté.). The o

tissue specimens of eachtgroup were subjected to the following’teohnical\' -
procedures formuiated bzyMyers et al. (1969)j\except,for slight_modific7' :

ations in the time ‘of fixation{ and the concentration of ruthenium red:

* Group A: Specimens of Jthis roup were fixed for five hourspwith

B » . . .
cold (40 C) 3 percent glutaraldehyde {n O.i M Na cacodylate buffer
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A (pHA7 4) containing 3000 ppm of ruthenium red “‘then post fixed with ', ' ;. )

o 2h percent osmium tetroxide in 0703 M Na cacodylate buffer (pH 7«4)

VW «

‘tontaining 3000 ppm of ruthenium red for a period of three hours. ats

- Toe

G; The excess osmium was cleared from the tissue with a brief rinse

‘. P

-:} of cold 0 05 M Na cacodylate buffef The specimens were dehydrated with

4°

!Hmslnﬂhincreasing concentrations ofocold'ethyl alcohol in water beginning with -

.

a strength of 50 percent and finishihg w1th absolute ethanol which was :' \;i}“'
- -brOUght to room temperature dhring the final ten minutes.f Clearing of’
.the" ethyl alcohol was accomplished with three twenty minute rinseshoi "; S
’i"propylene o#ide and the-tissue specimens‘were embedded in araldite::irh "A"' i

-

Gropp B: This group of spec1mens served as the control and were

L4 " ’_‘, ‘-

bfixed ln the same concentrations of glutaraldehyde and osmium tetrox1de -

r

Y

as above but Wi’thout thQ addition of ruthenium red,

y ) - Group Cs SpeCimens of this group were placed directly into _i : ‘13

. .

fpapain (WOrthington Biochemicals Corporation, 130 units/ml in normal

-

.'.;saline) and incubated at 37 C for thirty minutes

5' . )

1

(pH 7 4) before ﬁixation and staining in the same manner qs ‘that -

describéd for the Group a specimens.' C o <‘.' .

WL : . - -

P Group h{ These spec&me s were incubated at 37%c in b%!ine .

- . L

testicular hyaluronidase (Wort ington s, 1500 units/ml, in normal saline) : (

- for a period of one hour. FolloWing incubation, the speCimens were fixed N

and stained exactly as the Croug A spec1mens. » . .~/ | o b"*ﬁ e
v RN P, Lo

-

Group E' This 1ast group of the series was inCUbated at 37 c

£

for one hour in normal saline and like the papain and hyaluronidase

s

-

incubated speCimens, was processed in the ~same manner as’ that outrined R

for the Gréup A tissue speCimens. L e ‘.‘,, "

S ,_Wi?h the completion of the curing of the araldite embeddingﬂ.

S



' material the ‘Specimen blocks were rough trimmed rThen, 1/2 mic.ron
\
sections were cut for study with ‘the light microscd?e. The secti

M . “re

-

'were firSt examined for penetration of rdthenium red which was satis~’

S factory, nd then re- examined after toluidine blue staining for the o,

:.presence of cerv1cular epithelial cells and fragments of cementum along

the former proximal border to the tooth.. The specimen blocks demon-

~ -

‘ strating these features in their stained 1/2 micron sections were con-

: sidered acceptable for further study with the electroi mlcrosﬁf while

all others were discarded.- 'i i . e S

Those\specimen‘blocks from each group which were f0und suitable-

- .
2 ~ A

_jwere further reduced to a manageable size for subsequent sectioning with'

the ultra microtome.’ S@btions ranging in thickness from be10w 600 A and

as

above tb 900 A were cut and ‘examined in the - Philips 300 EM without
. .p“-

further stainlng, except for the sections from speoémen blocks processed

'lwithout ruthenium red Sections from these latter.tissue.spec1mens were

[ . . . o . . - -
. . - K o E

<,collected on copper gfids-and.stained_with the'following reagents:
N . ) . . | M . . a .
2 . . 1. A saturated- solution of uranyl acetate in 50 percent methanol
'vfor thirty minutes

2. - Five percent aqueous uranyl acetate for thirty36inutes,
followed by Reynolds lead c1trate for fifteen minutes.

L NUUEERE ’TWO pcrcent aqueous phosphotungstic acid (pH 4,5) for thlrty
o - ‘minutes. _ \

.~

~

"‘ ) o 4. Tw*cent aunOus-phosphotuxigstic’ acid (pH 7.0) for thirty
’ min . R ' . - ‘ o .
o 'As the main interest of study in all the specimens was.of the

periodontal‘collagen‘iibrils and inter§ibrillar spaces ihjclbse proximity

to the coronal portion of the cementum and the'apical.portion of the

epithelial”attachment the majority of'micrographs were.taken'of areas as

close as p0551ble to the edge of the sections which WOuld have bordered

theA tooth. S ‘ S ' w
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" Thin: sections of mg}ar gidgival periodontal ligament obtained from

rats fixed by perfusion with glutaraﬁde de and ruthenium red followed
. -

by 1mmer51on of 1/2 millimeter ;issue blocks in osmium tetroxide and.

.
-

ruthenium red did not exhibit an 1ntense electron densaty‘in

association with collagen fibrils. Plate 1 is-an example of -an atea of

periodontal“ligament collagen obtained from ¢close to'the middle of the

specimen block Wthh was prepared by‘this method The most prominent

1

electron density seen 1n thiihmicrograph is in the form. of circular-
\

shaped deposits’ randomly distributed along the lateral border of a
<

»

"-;longitudinaily secgioned collagen fibril These dense deposits average

180 A in length and 150 A in wadth and -are termed spherical masses (SM)

-

A further. manifestation d;;ygo the weak den51ty is the 1ndistinct

‘ per10d1c1tg of the collagen fibril which would appear as a pronounced

I
L

fnegative 1magt,1f heav1er surface dep031ts of electrqn dense material

wqre present surroundin the collagen fibrtl T All thin sections cut
\ g

\ .t

from several t1ssue blocks prepared 1n1t1ally by perfu51on when examined
dld not exh1b1t any greater definable electron density,in any area of
the sections than that shown in, Plate l In many instances it was

dlfﬁlcult tq determlne the presence of dlStlnCt collagen fibrils. This

'

nece351tated counter stainlng of the sectlons with uranyl -acetate and

¢

' Reynolds lead c1trate. Plate 2 shows ,a cection stained w1th these heavy
v

.metals.o Although itfﬂkcame much easier to study the collagen fibrils by
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electron microscopy, the laterally located spherical masses were obscured

by the counter ;;ain. Nevertheless, the micrograph does demonstrate two .

"
(]

filamentous structures composed of electron dense material extending at
f*

right.angles from‘the coﬂlagen fibrils. These are uermed fine filaments

< (FF) and measure approximately 50 A in diameter.' Ny L BETRNE)
: LTV . ’ o
. ) : R
i;AHAh,Le_____n—Ihe micrographs demonstrating tne most remarkable electron dehse ‘-H-Ql'

structures in. an area close to the cementum surgace were taken of
\ .

'*lgections cut from tissue specimens obtained hg gingivectomy which were

fixed and stained by the conventional diffusion technique in the two ‘

Fl

ruthenium red containing solutions. The/first of these Plate 3, shows

" fine filaments. (FF) measuring 30 - 45 A in thickness which extend

[

, -‘laterally from, collagen flbrils surrounded by densa coats (DC) The » i
collagen flbrll (C) appear as negative images lying within the mass of
electron dense coats._ Unfortunately, the margins of the collagen fibrils

are ‘not ea51ly disternable and thqrefore 1t is not p0551ble in this micro-
- : .

graph to determine the thicknesses .of the dense coats. However, study of

i”" ~ ¢
the fine filaments with.a 10 power eye piece containing a scale calfib-

- rated in tepths ofia millimeter indicate that these‘filaments arel_l _ N

s P

composed of linear arranged electron dense granules meaSuring approxim--

‘\

R ately 13.6 A in’ diamefer. " This corresponds very closely to the molecular
\ " . size of. 11 3 A given for ruthenlum red (Luft, 19714).. ln.addition, the
fine filaments exhiblt anastomosing (a) in some areas with periodic »:
amorphous masses (AM) of electron den31ty at the point of union of

fllaments, thus suggesting a network like arrangement. The sharp

den51ty seen 1n this micrograph was made pos31b1e by the usé of kodalith ,}r~-ff‘
. /'. s ’.
an emu131on which produces an.extremely high contrast. As’ this type of

f11m was in 1im1ted supply and difficult to obtain, stocks were soon

exhausted and therefore, it was not available for the making of other

’

»,

’



‘micrographs included in the series. W o 2&# ;
» .
As "a’ result, the remainder ot the plates are a gfayish tone and

L]

not ot the same degree of contrasf due to lack of a m‘%e of blacks
N . N A
. and whftes. Neverthelesé. these. micrographs do show collagen/iibrils

with distinct light and dark minor bands which colleutivelyi§i$‘ the i.'

(%

_ ___ characteristic. QAQ_Aeperiodicityi__iine—iilamenés—are—also neted—( —

4
arrows) in Plates 4, 5 and 7. These are of a larger diameter (50 A) than .
- ) ’ - "l ‘

o those seen in Plate 3. The filaments extend betweenicoliagen fibrils o
and appear to link the fibrils together by attachment-at a specific .

Lo locus in the major band perlod A net- -like arrangement of the fine _h

\’\

\ .- ( . Q .
.\ ‘. filaments,is also evident at the extreme right middle of Plate 5. Of°
\ : sy, ‘ 4 :

‘_h‘ parqicular interest is Plate 4 where there appears to be a brancgjng
effect of one of the filamentous struetures. The unbranched portion of
the filament ﬂEasures 110 A which s approximately twice : as wide as . . .

"_either of the two filanents resulting-from the branching.' Spherical *

. masses first seen and described in Plate\1 are likewise,noted in Plates'

4, 5 and 7. HOWever, the spherical,masses seen in these'latter plates,
when several froﬁ\each plate are aver ged,.are Iarger than those of"
‘Plate 1 by haV1ng a length extending §>ong the'collagen fibril of'ZOO X .

«and a w1dth of 190 Angstroms. Where resolution permits, the spherical

‘ masses ‘appear to be located at the darher portion of the major band
repeatlng period of the collagen fibril. This is demonstrated in Plate §

‘where one of these spher1ca1 masses is shown on the 1atera1-side of a ~l;
collagen flbrll with one of the major bands marked off with broken lines.'~

In addition, the right 51de of Plate’S suggests that there is a relation-~

shlp between fine filaments and'spherical masses. Although sharp detail

-

is difflcult to define, due to low contrast and the thin diameter of" the
14 .
electron dense filaments, it appears that.fine filaments are attached‘to
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collagen fibrils via a union (u) wiuh spherical masses.. This samﬁ hﬁ

.

- Pl . . - AT ¢ Tl B
A _ , ‘D B S ’ - %‘, ;yx K
. . . . s . /“/ e 1/'

ﬁeatute is likewise noted in Plate 4 (arrowhead) Alpo notedf}f §1ates ¢

lations o electron /

\

\ i A )
en fibrils.\ Z%egmicr

4, 5, 6, 7 and 8 are dense coats (DC) ‘seen as accu

i)

dense granuies closely associated with the Coll

graphs shqéing 1ongiCudinally sectioned collggen fibrils exhibit the/u-

«.
% i'

T ___dense_c'! ' va#ying_degrees_oi_thiekne551_ranging_irom—lOO———qu/ 4 J
l

ué' ' Vare |
g Angstro *‘ Theigbnee coats are most evident in Plave 6 where tpéy are .‘»
. v’
- . J
noted as electrdh'dense envelopes surrounding the transverse/éect .f'
J
k)
collagen fibrils. In these areas of closely packed collagEn fibrL E. :

X

the dense coats appear to serve as, an embedding media and thus 1ink th@'

]
collagen fibrils together. This linking arrangement . is not‘ﬁaghazard - e

R ‘v

as 1ndicated by Plate 8 where the collagen: fibrils in longitudinal 0

séction with interconnecting dense coats are orientated with their major

-

[

banding'sites in register. s h. ' - _‘ o -

When tissue spec1mens are fixed in glutaraldehyde anddosmium
tetroxide. without the addltion of ruthenlum red, counter staining of , N

~thin sectrbns is necessary to impart density and render the collagen *
fibrils visibBle in the electron micrqscope.. Plate 9 is ‘an example of a

section stained with 2 percent phosphotungstic acid (oH 7.0) obtained

== ¥ from one of the tissue specimens pﬁgpared without ruthenium red. The .. e -

minor banding.of the collagen fibril is much more distinct as are the

\

margtns of thezlongitudinally sectioned fibrils than that noted in the

——

. - . o I ‘ \ .
previous'micrographs. Theré¢ is no evidence of dense coats, spherical %
masses, or fine filaments composed of electron dense material. The"

interfibrillar areas, however, do exhibit .deposits of very fine density
- » 1. . e
without specific structure and form. Sections counter stained with 2

- . . - ‘. - &

percent PTA buffered to a phiof 4,5 were also expmined and photographed.

However, these sections, when viewed in the electron microscope, were

e
° . . - . . .
b2



. ~ . ‘
ﬁ\‘Einform.ation due to the faint Structures seen within. - Similar observ-

ations of low contrast vere noted in micrographs of sections stained in
alcoholic uranyl. acetate and other sections stained with aquecous uranyl

acetate and'Reynolds lead citrate, although they exhibited ade uate

N : : N,
contrast, wereitoo.contaminated’with'superimposedﬁiead stained dust

particles to be of. any value. Hence, these latter micrographs of the

three alternate staining methods \were not included as part of the

results. . :
‘.. . 4

Mlcrographs of sections from specimens incubated in bovine

testicular hyaluronidase before staining’ in ruthenium red (Plates 10

seen’in Plates 3 and 5. Those filaments that aré §till evident in

Plate 10 are 'of much greater d1ameter (85 - 105 A) and therefore have
| J

been termed coarse fllaments (CF) of 1nterest is that the coarse

fllament so labelled in Plate 10 appears*to branch similar to thé fine

o

filament seen in Plate 4. The spherical masses, although still readily :
apparent in Plate 10,. do appear to be fewer in number and slightly

3
smaller 1n length (l60 4) and width (110 A) than the average 200 A

’

length and 190 A w1dth of the spherical masses seen in- Plates 4, 5 and

7. However, thlS dlmlnution of size is difficult to equate as neither
. .

Plate 10 nor ll contains suff1c1ent numbers of collagen fibrils in

) '

longitudlnal section to make a valld comparison. The‘dense coats

- -

surroundlng the collagen fibrils are also quite evident in both Plates
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lO and 11,: but, ‘are’ besﬁ seen in Plate 11 surrounding collagen fibrils

-cut in transverd% section (arrowheuds) Measurements of“the dense coats
seen in ﬁlate ll indicates an average thickness of 82 A which is less

. . N '

'than the average t icknesb of 132 A of the dense costs surrounding the

transVerse sectioned fibrils of Plate 6. Plate I also exhibits

" ’

fine’ filaments (arrows), however,-it is quite dvident that melther: Plate—

3

10 nor 11 demonstrates these fine filaments- in the same qunntities as
| seen in'micgpgraphs of sections not incubated in testiculqr:hyaluroniddse
before'staining with ruthenium red.‘ . |
_The area of the outer~edge of the trapezoid—shaped section
selected for study in all sections from specimens rootinely stained with‘
nltﬂgnium,red had to be carefully examined for collagen fibrils, which
were not closely packed, in order to obtain micrographs demonstrating
\ any interfibrlllar electron dense structures. However, tissues incwbated
in papain before fixation and stainlng dld not‘present this problem in
identical qreas. The majority of these sections exhibited easily
defined collagen fibrils with distinct banding and adeqqote inter- o,
fibrillar areas as scen in Plates 12 and 13. Althoughbthere is no
ev1dence of the filamentous net-like arrangement as seen in micrographs
of sections from specimens stained with ruthenium red without prior
enzyme incubation, there is ev1dence in'these two»mlcrographs of fine .
and coarse filaments with. diameters of approximately 50 A and 125 A
.respectively.' A few examples of the fine filaments (arrows) still have .
the appearance oi psssing between neighbouring collagen fibrils, thus
suggesting.that they link the fibrils together. However, the majority
of these filaments, both thick and thin, have an incomplete appearance

in that they do not extend across the 1nterfibr111ar spaces from one

collagen fibril to another. Therefore, these filaments, according to

S
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diameter, Jave ' been tcrmed fit@.}%ﬂidﬁﬂ Ei,lamonts (FRF) and coarse’

"ispherical masses comparable in&size to'thbﬂe7seen in, Plates 4, 5 and 7;
however, the dietribution is more random, suggcsting a slight decrease )
“in numbers. Likéwibe, dense coats are also readily apparent with an - ‘

/
/ -
T average thickness of IDO“A bordering the longitudinally sectioned

collagen fibriYs, which is slightly less -than the 150 A average thickness

of”dense coats/ seen 1In micrographs of collagen fibrils in longitudinal .

section from pecimens not incubated in papain before rutn:nium red
" staininga’

' A
Due to the use of normal sa{ine as the vehicle for the enzymes

as employed by éyers‘et al. (l969), controls of additional tissde. .

specimens were incubated in normal saline only, before fixation in’

rutheniom red containing glutaraldehyde and osmium.tetroxioe. Micro-

' graphs taken_of these sections (élates 14, lS and 16) display examples’

\ : of fine filaments only in Plates 14 gnd 15. Those filaments that are

present are not very.numeroﬁiﬁ*nor oo they exhibit a high degree of
. :
electron density. However, tne number of fine fllaments present in
Plates 14 and 15 are greater in number than those seen after incubation
in bovine testicular hyaluronidase. Furthermore, even though the.
filaments lack iaeal'contrast, it is still possible'to determine that,

unlike the majority of filaments seexrafter paoain incubation, these

filaments after saline incubation have a consistent diameter of

. " o . .
.approximately 50 A and none appear to have-a residua] character as alk"“\\‘\‘\\
: . . ;

se to extend from one collagen fibril to another. In addftion, like
-

°* th hyaluronidase and papain incubated spec1mens, the'anastomosing of

fine filaments into a net-like pattern is absent. Although none of the

collagen fibrils in longitudinal sectionmshow e&idence of spherical .

> . —_

\ | R e : -



v S . 95

. . . 4
masses, the collagen fibrils cut transversely as seen in Plate 15 exhibit
»

. peripherally locnted Sphcrical masses. Dense coats are evident bordering
.longitudinally seqtioned collagen fibrils cut ln transverse section '
(Plates 14 and 15). The dense coaté (nrrowheads) associated ich the -

collagen: fibrils cut in both longitudlnal and transverse section vary in

— g -

thickness from 100 - 185 A, which is comparable to the dense coats ‘seen

in micrographs of sections from tissue specimens prepared by fixacion in
. 4 -’ . ’ . }
ruthenium red containing glutaraldehyde and osmtum tetroxide, without.

enzyme or saline incubation. ‘ o L

The results observed in' thin sections of rat 'gingival periodontal

W

ligament tissue after treatment of tissue specimen blocks with testicular

hyaluronidase, papain and saline, followed by exoosure to the two

ruthenium red containing fixatives, are summarized in Table4 as:  no

effect, partial removal:and complete removal. T ' . S
] B s
: ‘&,*L\
Tabilge 4. Effe of Treatment Vith Hyaluronidase, Papain and Saline
‘u/?
Electron Dense 5”?&Q§§ervatlons Noted Follow1ng N a
Structure‘; Hy&iﬁroﬂidase Papain . . Saline Normals
Cgh 3
. R Ry ue o ! : o
s ) I : . )
<Fine_Fil 7] + + (R.F.) + + 20-50 A diameter \\
A ' : . o A
- NetS' " + + + + + + 30-45 A diameter~

O-
200 A (Length) x
190 (Width)

Q e
90-175 A thick

B AL Jiikﬂléoxllo H° 4

K
L

i . s . ’ . O
anse“Coats 53165 - 100 A% +(65 - 130 A)¢

KEY: -, no effect; +, mild removal; + +,'mode§ate removal; + + +g‘

complete temoval.

“R.F., re31du§l filaments varylng in diameter from,flne (50 A) to
coarse (125 A).

v
L

a &b, averages- calculated from measurements of six structures each.

ES)

c &'e, averages calculated from,transverse sections of collagen.

d, average calculated from dense coats seen on four different
longitudinal section’s of collagen.

i
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Plate- 1. Collagen fibrils of nprmal (free of disease) rarg gingival _
—--periedontal--Ligament perfused: with  ruthenium red—and‘glutaraldehyde. T
‘Post-fixed in osmium tetroxide contalning ruthenium red and embedded in
araldite. No counter stain employed. *Minimal electron dehse structures
apparent except for round deposits (arrows) along periphery of collagen
fibrils. .l These have been termed spherlcal masses (SM). x 93,800. .

o : ¢
N . j

Plate 2. .Different area of the same' section as Plate 1 after counter
staining with uranyl acetate and lead citrate. Coldagen fibrils’ -more
readily apparent but there is a maskidgp of perlpherally located

“electron density formerly seen without unter staining. "Only ev1dence
of electron density noted is the- occa31onal fine fllaments (FF) seen °
within 1nterfibr111ar areas. x 92,350.

”
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Plate 3. . Collagen fibrils (C) of normal rat gingival periodontal liga-

"~ 'ment.fixed and stained by immersing the specimen block in glutaraldehyde -

.and ruthenium red. .Collagen is.negatively/§tainéaﬁand is highlighted by
" "filaments (FF), also of rutheniam red positive.material, project
‘‘laterally from colia fibrils and'appegr to anastomose: (a) in inter-
. fibrillar arqu,w*Obcasiénally»seen at point of union of fine filaments
ard’ amorphous’ masses (AM). Specimen block fixed in glutaraldehyde ‘and ,
osmium tetroxide, both containing ruthenium red; embedded in araldite;
~Mo counter stain used.. Micrograph .taken of an area located very close
to capical portion of epithelial attachment. Specimen A3, x 65,750.

Ak H N
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’ v . < PR N . .
Platé™s Normal rat gingival periodontal collagen fibrils Ffixed and
stained in glutaraldehyde containing ruthenium red. Further example of
fine filaments (FF:arrows) which appéar-to,link one collagen fibril to
. another. Some.ffMe filaments exhibit branching (b). Also seen are
- spherical masses (small arrows) in close association® with the darker
polar region of the major period bands of collagen fibrils. .In
addition, & fine filament appears to be linked to a collagen fibril by
~_one-of the spherical masses (arrow heads). Specimen A2, x 87,900.

RN

G

s Sufrounding dense coats (DC) of'ruthenium red positive miterial. Fine . . .. :
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Place 5.™ Collagen fibrils of normal rat periodontal ligament exhibiting
further examples of electron dense materjial consisting ofs very fine

filaments (FF) and spherical masses (SM). On the right middle side of

.the micrograph,. the fine filaments.exhibit anastemeeiagfqujggrﬁﬁﬁear to- -
“be attached to collagen fibrils through a union (u) with spherical ’ ES
masses. . Where maJor periodic bands of the collagen fibrils are clearly
evident, the spherical masses as in Plate 4 appear to be located at the’

“major band region (broken lines). Preparatlon method and location of

collagen fibrils same as Plates 3 and 4. Specimen A3, x 99,500.

L}
e
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G

Plate 6. Transverse section” of gingival periodontal ligament collagen
fibrils~ No additional staining was.employed other than the ruthenium
red combined with the fixative agents. Micrograph was taken of an-area
towgfd the mid-point of the trapezoid-shaped section. - Note’ dense coats -
surrounding the collagen fibrils (arrows). Specimen A4, x.114,000.



Plate 5

v 6

ate

Pl




M. R } . N

. . : 0
Plate 7. Additional examples of electror dense structures closely
associated with collagen fibrils of the rat gingival periodontal ligament.
) A spherical mass “(SM) 1s seen as a distinct circular area resembling
;___»-those;inwElate.le;lnmadditiqn;“thgfe-iS evidence of fine filaments (FF
® arrows) and dense coats (DC). However, the electron demsity is mot ' = "
distinct in these regions, presumably due ‘'to pobr penetration qs ’
ruthenium red as, this micrograph was taken of an area toward the mid-
point ef the’ﬁrapezoi@—shaped section which was obtained from well within
_the tissue block. Specimen A3, Xx 99,500. o

Plate 8. Imterfibrillar dense coats of ru henium red positive material.
_ The dense coats (DC) appear to interconnect neighbouring collagen fibrils

‘which, in their parallel alignment, are orie tated with minor banding
..sites in register. Specimen®AZ, X 102,600. R
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‘ N ' .
: Collagen fibrils of normal gingival periodontal ligament.
Fixed in glutaraldehyde and osmium tetroxide without the addition of.
ruthenium red; embedded in araldite. Section was stained with 2 per-

Plate 9.

cent phosphotungstic. acid (pH 7.0). ‘Note'distinct minor banding of
collagen fibrils, its sharp edges and absence of definite interfibrillar

electron dense structures. = Specimen B2, x 79,360

<
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- in the lower left region.of the micro
coarsk filaments (CF) because of their rather thick diameter compared to
. the diameter of fine filaments seen -in previous micrographs. There is,
‘however, still evidence of spherical massges (SM) and a very thin dense-

~incubation. Speclmen D4, x 92 340._
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Plate 10. Normal gingival. periodontal ligamené issue incubated in bovine

hyaluronidase for one hour followed‘by fixation With glutaraldehyde gnd

—osmium_tetroxide, both_ contalning;rutheqinmaredLMMThere_i; no.evidence ... ...

of fine filaments. The only evidence gf a filamentous structure is seen.
géaph sThese have been termed

coat (DC) bordering the’ longltiginal sectioned collagen fibrils.

Spec1men D2 x 92,340.. ‘ i P, .
' ) i "\ . o N
> 4
b’. .
- . - s
3 K !
Lid : a g '
T . \
oo c@ . ) .
i ’ .\& ‘-
v / B & ' |
. 4 / . ’ . v !
§ . 2 s '
£ s 0
v ' |A‘ ’
{- s .
[N e ,"‘.‘v’
Q‘ N 4
s ?
W 0 9 i

‘

*Platé 11. A/ econd example of bovine hyaluronidase 1ncubation of

gingival ﬁef’ dontal ligament tissue. Transverse sections. of collagen :
show only tw examples of fine filaments (arrows), but clear evidence '
that- dense coats (arrow heads) still persist after hyalurenidase
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Plafes 12 and 13. Gingivél periodontal iigament tiséue'ihcubated in’

papain for thirty minutes, followed by fixation in glutaraldehyde and
osmium tetroxide, both containing ruthenium red. .'Collagen banding is

distinct. Filamentous structures of a residual nature are seen varying .

in' diameter from the fine residual filaments (FRF) to coarse residual
filaments (CRF). In addition, some.fine filaments (arrows) still give
the appearance of linking collagen.fibrils together. Spherical

masses *(SM) and a very thin dense coat (DC) associated with the
longitudinal sectioned fibrils are still evident. Plate 12, specimen
€3, x 78,000; Plate 13, Specimen Cl, x 78,000.
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Plates 14 - 16. Gingival perfodontal ligament tissue incubated in
‘'saline for one hour,\followeg by fixation in glutaraldehyde and osmium
tetroxide, both containing ruthenium red. Only slight evidence of fine -
filaments (FF) is seen in Plates 14 and 15, whereas Plate 16 does not
display any filaments. Dense coats (DC) are particularly obvious
surrounding the transverse sectioned-collagen microfibrils. Although
the characteristic banding is clearly seen on the longitudinally
sectioned collagen microfibrils, none of these microfibrils demonstrates
the presence of spherical masses at major ,banding sites. However,

Plate 15 does exhibit a few examples of spherical masses (SM) on the
periphery of collagen microfibrils: cut in cross section. Plate 14,
specimen E4, x 62,525; Plate 15, specimen E4, x 80,700;. Plate 16
specimen E3, x 88,000. A L,
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Chapter 5 ' ¥

DISCUSSION E "

J

The ruthenium red cation with its'two'oxo—bgidges is assumed to
have a linear configuration of ‘Ru- 0 Ru 0-Ru and a net valence of six

cations (Fletcher et al., 1961) \ Crystallography.studies (Sterling,

'1970) ‘indicated that the optical properties contributed by ruthenium

red are due to a staining group located between the two oxygen atoms

with a composition of one Ru atom and two diametrically attached OH~

B

. o ‘ ;
I~ ions situated 4.2 A apart. ' Therefore, specificity of staining is

. T ' N
suggested as being steriospecific with any acceptor substance having -

\

Aanlonic charges posationed approximat:ly 4.2 A apart, which can be

substituted for the OH ions ofvthe staining group and ‘thus result in an

electrostatic 1inkage.

Schubert and Hamerman (1968) reported that the anionic greups of
o . .

" chondroitin sulfate are 5 A apart in each disaccharide repeating unit

and the carboxyl anion of one;disaccharide unit of -hyaluronic acid is

10 A from the carboxyl anion of the neighbouring disaccharide in the

N
¢ . . 3

vpolymer chain. The chondroitin sulfate negative charges are of a

distance which is close enough ‘to the requirement set by Sterling (1970)

for a binding site for the ruthenium red staining group. However, the’

separation of negative charges positioned on the HA chain is well beyond

this required diSEance, unless the hydroxyl on C6 of N-acétyl glucosamine

could s@rve as one of the binding site palr similar_to one of the

hydroxyls on the galacturon1de moiety of pectic acid as postulated by

: 111
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“; Further ‘evidence of ruthenium red specfficity was demonstrated

in vitro‘bﬁ%precipitate formation within solutions of ruthenium red and.

purified samples of hyaluronic acid, chondroitin sulfate and heparin, but
. not glycoprotein or sialic acid (Lbft, l97la) >In addition, several -
other test substances also formed precipitates’ uith ruthenium red but, ‘ ’/,//
K according to Luft, the ddkelihood of- encountering these in interfibrillar
spaces is low unless leakage of cell - contents occurs.
The above giwes an’ explanation for ruthenium red staining of
) glycosaminoglycans for histochemical microsco;ic study. However, unless

ruthenium red is écco anjed by osmium tetroxide in the. tissue, no

density is observed in the electron microscope (Luft,;l964, 1965). It .-
- has been suggested (Luft, l97l32’5baf(€i: electrbn density is,due.to the

oxidation.of the'glycosamlnoglycan with an equivalent reduction‘of,osmium‘

N

" tetroxide to a lower insoluble product. at the site of ruthenium.red ioric

. binding. It was also postulated that these reactions are accomplisheduhy'
(b ;;a cyclic oxidation-reduction action back and forth between ruthenium'red .
i'm‘“: N , N ) . . . -« ) vn, N . .
- and ruthenium brown which functions as an intermediary in ejther a

catalytic or a self—propagating mechan51m. AlthoUgh theSe'later mechan-

isms dre hypqghetlcal it is ev1dent that mass den51ty is dlrectly

' proportional ‘to ruthenlum red s depth of penetratlon, whlch is 50 -/100 NG
‘":microns, depending on the type of tissue (Highton et al,, 1968 Luft, -

»

1 1971b). ; o S B . o

PR

DR It isfoBVioUS that this ré%her shallow penetration of ruthenium
" red seen when a conventional Hiffu51on method is employed would lrmit
'htthe study of a tissue spec1men glock to the peripheral areas.‘ Therefore,

. it was assumed that vascular periusion of ruthenium red as descrlbed‘in
?”Chapter 3 would overcome its irregular and restricted diffusion into

b

- . w .
M . -
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tissues and thus yield greatly enhanced electron density in thin sections
'cut from any point of the specimen block. However, although the gingival

_tissue turned a uniform red shortly after commencement of the flow of the

perfusion fluid thus suggesting complete penetration of ruthenium red,

.it is evident (Plate 1) that sections taken fromah depth near the mid-
point of- ‘the embedded tissue specimen do not demonstrate very strong.
electron density. Hence, this method- appears to offer little advantage
for increasing‘electron density deep within tissue spec1mens of gingival
periodontal ligament selected\for study in this investigation.

Assuming that the red colour of the gingival tissue does indicate
that ruthenium red is unlformly bound throughout the entire tissue
Luft (197la) offers,an explanation for this weak density seen within
the center of tlssue specimens follow1ng the perfusion method He ;i

u,:suggests that the meager density is a result of the rapid ‘oxidation -and

inactrvatlon of the bound ruthenium red by osmium tetroxide when the

“
.

& Lo . ~ .

tissue blocks are placedrin the ruthenium re%/ smium tetroxide fixative.

This reaction is made possible by the abili@ osmium tetroxide to .

penetrate the block completely, but the ruthenium red of thls solution,

because of 1ts poOrer penetrating property, would~not accompany the

osmium tetrox1de into the center of the tissue block.. .

Luft further suggests that this weak.den31ty. wfihin the center'

of the spec1men block supports the "self propagating"'hypothesis rather
than the catalytic" hypothes1s That is, if the. catalytic model was

- a functional reallty, mass dens1ty produced in the region of the bound

| ruthenium red deliveTed by perfu31on should be as intense w1thin the

' middle of the spec1men as it is in the peripheral areas due to the

s \ .

’transfer of many electrons from- the glycosaminoglycan substrate by one . >

ruthenium red molecnle to séveral moleCules of osmium tetroxide.'

v
o
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However, as. this is not the situation, it is suggested by Luft that in <
. the absence of more ruthenium;redato bind_to newly;generated'carboxyl

groups and thus propagate the reaction, an ﬂntense build-up‘of electron.

‘.

dense deposits does not occur within the center of the tissue blocks.ﬂvul_v'.“

Although observations (Plate 1) of weak density within” the middle
of.spec1men blocks of perfused g1ngival -periodontal ligament could
.suggest ‘some support for the self-pr;pagating" hypothesis (Luft, 1971a),-

N;'\1t was not p0551b1e to obtain sections from the peripheral 50 - 100
‘ microns for comparison of density. This is due to‘considerable trimming
from\the\ggternal surface.df the tissue block during rembval of tooth'
and bone before thin sectioning could qommEhce. Therefore, it. dis not
known 1f den31ty in the outer area of the tissue ‘block. was greater than
‘that seen in the middle of the tissue block. Hence, without collabor—
.atiye ev1dence of the_depth oflpenetration of'ruthenium red that'occurred
uiduring postefixation with ruthenium_red and osmium tetroxide, reServations
must %e.harboured;'-lg could be suggested that_the‘weak»density seen was
due to carrying.out‘the post flxation at 4° ¢ which, accordlng to Luft.
~ﬂ(l97la), retards the formation of the electron dense reaction product
‘ compared to that formed at’ room temperature ‘over a similar length of -
time. " However, excised specimens- of. fresh ginglval tissue that were‘also"

. a

. prepared.at'4o C'by immersing“in the ruthenium red’containing fixatives"

.

.dld not demonstrate weak . density in sections taken from ®he periphery of
the tissue block A reasonable explanatlon for this may be the concent-
‘ration of diffused ruthenium red which was double that used in the =
-perfusion.solution (3000 ppm compared-to'lSQO.ppm).' ihis highericoncent—
rationAcouldnpossibly'OVercome the retarded.formation of‘reaction ‘
. \ , o

products+resulting from the use of weak solutions of ruthenium red at
. . R . | - ’ : H— ) .

low temperatures. ‘HoweVer, Myers et al. (19692: using a 1500 ppm
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concentration of ‘ruthenium red at 4° c, obtained satisfactory density in

&

- tissue specimens from synovial membrane.
o

of further interest is the study by Fowler (1970) of rat kidney

¢

.. specimens . prepared by.a _similar . cardiac punctutre perfusion- method »~3¢»f—”

followed by post- fixation in ruthenium red and osmium- tetroxide at room

temperature, except that the concentration of the ruthenium red in the
perfusion fluid was much higher (4000 ppm) and the post- fixative

concentration of ‘ruthenium red was much lower (250 ppm) than that used

<
~

in this present study of gingival periodontal-liéament; In his results,

“.

- he reports weak to almost complete absence of erectron denSity as: well

. .

as intense deposits all within the same glomerulus. Fowler attributed
,the irreguLarity of denSity to the varying concentration of ruthenium '
red attained as a result of the extent of perfusion..\Therefore, although
the . concentration of ruthenium red in the perfUSion fluid might be of
Eprime 1mportance, it is suggested here that the temperature'at which thé»v
) post—fixative is employed does not ‘seem to have any Significance. ‘In
addition as tempting as~ it is to accept the self propagating hypothesis g
'of Luft (1971a) for the explanation ‘of weak density as a result of
perfusion, the concept must remain theoretical until extensive investig-
’ations prov1de further eVidence of'the actual reaction between ruthenidm
"red and - osmium tetrox1de, as well as the source of electrons from the
glycosaminoglycans that are required for the reduction action. Further—

more, in erder to properly evaluate fibrous tissues prepared by ‘vascular

perfusion with ruthenium red, rcarefully controlled studies should be dohe

‘n-'n .

uSing varying concentratiOns of a standard commercial preparation of the

dye in both the perquion fluid and the post fixative splution at O C

and room temperature. . ‘
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Perhaps such a study COuld'employ rat gingival periodontal 'liga-

ment tissue as before, except after perfusion the supra -alveolar tissue

jshould be removed by the gingivectomy technique before post-fixation in

s

.osmium~tetroxide»andmrutheniummredw—-Thisvwould~allow the transverse"~-"~“'“~

. cut. periodontal fibers whlch formerly inserted into the cementum to be

.freely exposed ‘to ruthenium red of the post- fixative solution, thus’

]

' adding to the ruthenium red delivered. by perfusion.

~ -

However, as reported in the results 'of this present 1nvestigation,
I

o

. thin sections ‘from excised fresh gingival tissue fixed and stained by g
the sequentlal_immersion in the . two ruthenium red containing fixatives
:did demonstrate4adequate electron density for study, provided'that tbe
'area examined was confined to the outer 50 - 100 microns of the specimen

'block which was prox1ma1 to the cementum surface before excision. These

electron' dense deposits'were seen as four forms; Jinterconnecting fine
, ‘ "

.

filaments'extending‘at approximate rigbt angles between collagen fibrils,
a net—like arrangement of’fine filaments in interfibrillar spaces,
-spherical masses apparently 81tuated at. spec1f1c sites w1th1n ‘the major
band repeatingAperiod and dense coats surroundlng collagen fibrilsr
Other studies»(Haust, 1965; Hashimoto, 1967; Griffin and Hafris,”
‘1967)‘have alsovdeséribed filamentous structures varying'in diameter_

C L0 . , , !
from 40 —'150 A'within interfibrillar~areas of connective tissue

folIOW1ng stalnlng of thin sectlons with uranyl acetate only or in L

ﬁombination with lead citrate. These filaments or microfibrTls , as

they were termed, demonstrated in most instances a periodicity or beaded

' appearance and were considered to be of a protéin nature represeﬁting
either precursor elements of collagen fibrils (Hashimoto, 1967) or

collagen and_elastin‘fibrils (Haust, 1965) or_thejprOtein‘moiety of a

protein-polysaccharide complex . (Griffin and Harris,‘l967). An amorphous -
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o .
50 A) might have'reactive

N ‘ T 117

component~seen with the beaded.elements was interpreted by Griffin and

Harris asfbeing the polysaccharide moiety. Similarly,'amorphqns'material

™~

located between COllagen fibrils of the/rat”gingival periodontal.ligament

»~(Platem9)miswalsoanotedufollowingwstaininguo£mthin-sections~with~PTA-~1~mm~~—»

Y

(pH 7.4) which, at this pH, is a general protein stain (Pease and

Bouteille, 1971). However, it is possible ‘that . this is a result of

: backgroundvstaining of the embedding material; ~Nevertheless, it is

significant thadt with'PTA‘staining,no electron dense morphology is noted

similar'in.appearance'to the fine 'filaments seen after ruthenium red

staining as this'would .indicate a composition of only protein. The

negative staining of collagen fibrils also indicates that ruthenium red

\ -

is not a protein stain. The fuestion could arise that collagen micro- .

‘ - R SR ) . _ _ o
fibrils of the same diameters|as ruthenium red positive filaments (30 -~
aining sites for ruthenium red. cheVer,
ruthenium.red was shown to be non- reactive to several test proteins,

(Luft, l97la) Furthermore, 1t is: obv1ous from the results produced byh

block stalning w1th ruthenium red that the fine filaments seen do not -

—e,

have a beaded appparance nor, except for the goarse re51dual filaments

seen after’ papaln 1ncubation do these fllaments exceed a diameter of

50 Angstroms.,_Ihese coarse. filaments (125 A in diameter) seen after
7
papain when examined closely (Plates 12 and l3), appear as 1f they are
.. — ¥
displaced electron_dense elements as they lie(on top of and not between

adjacentAcollagen'fibrils as do'the fine.filaments. ‘ LT /;(’2\

Therefore, it-is“suggested‘that these electron dense structufes_'

. are "highly likely the glycosamino%lycan m01et1es of proteoglycans, as

1ndicated by their removal in whole or ina’ part followxng incubation in
testicular hyaluronidase,.papain and_saline'(Tablen4, page‘95). /Bio;‘

chemical analyses of rat pdriodontal ligament‘(Kofoed and Bozzini, 1970)
: : rat pql at A




have confirmed the presence of dermatan sulfatey chondroitin 5-su1fate,
chondroitin 6-squate and hyaluronic‘acid. In addition, radioautographic
studies with’ injected S3 have preViously demonstrated that sulfated
,_glycosaminoglycans are synthesized in_.the fibroblast and appear in the
amorphous ground substance of mouse periodontal ligament (Baumhammers

and Stallard 1968). However, there have been no previous reports of
glycosaminoglycans being closely associated with collagen fibrils of rat .
gingival periodontal ligament at the electron microsc0pe level as was
found in this investigation.l. |

‘The results indicate that the ‘fine filaments extending laterally

from collagen fibrils-are'composed of hyaluronic.acid‘and/or chondroitin

) -
N

sulfates‘as these electron dense structures were digestedmalmost'entirely
. by testicular hyaluronidase and partially by papain, thus also suggesting
a protein~component. The limited number of fine filaments remaining
.after incubation in normal saline also suggests the presence of hyaluronic
acid as O 17 M Na Cl as well gs water Wlll extract this polysaccharide
‘from’ connective ‘tissue homogenates (Hallen, 1970 Toole and’ Lowther,
'1966) Hence, the- complete removal by saline of the net like arrange-.
ment- of fine filaments seen in Plates 3 and 5 indicates that these -
“structures are probably composed entirely of hyaluronic dcid - Likewise,

‘ the sﬁherical~masse5'appear to be definitely affected in number and R
pOSSibly size by prior incubation in hyaluronidase w1th Similar but
lesser effects follow1ng papain treatment. However, as was pOinted out
~in. tha resurts”(iable 4, page 95), it is not certain that papain had a-
‘measurable effect uponAthe spherical masses,_exceqt for the more‘random .'
distribution‘of these structures'seen in flates 12-and l3'when compared
-to the more evenly distributed spherical masses seen in Plate 4. This

T s,

findﬂng is difficult to explain in Vieg of the remoVal of the spherical-

vt
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masses:by'hyaluronidase; 'Thé only explanation that can be offered is that °

\

the spherical masses.are a proteoglycan with a low protein content such as

iyaluronic- acid, which is known to be associated with relatively little’

.'pfe%ein—(Sandsondand-Hamerman;vl962;mSilpanantaset*31:3“1968)4 oo
| :L The structure most closely associated with the gingival perio:?
‘% dontaé{collagen fibrils, the dense coats, were only slightly reduced in -
thickness by the action of testicular hyaluronidase. It is assumed that

this indtcates a heterogeneous composition of dermatan sulfate, and minor

. amounts of chondroitin sulfate, ‘as reported by Fransson and Roden (1967a,,

s ¢

'!§67b) and Fransson (1968) A slight diminution in thickness of the

dense coats is also noted after papain treatment,‘again indicating,the

'presence'of a;protein component as would be found}in proteodermatan

sulfate. Similar dense'coatS'surrounding collagéﬁ'fibrils'of different’
fibrous connéctive'tissues‘have been reported after tissue hlock_
exposure to ruthenium red and'osmium‘tetroxide (Luft, 1964 1965‘
Highton et al 1968) and reduced thickness of coats by- testicular
hyaluronidase and papain treatment followad by ruthenium red and osmium
tetroxide (Myers et al., 1969).

Toole and Lowther (1966) found that,germatanvsulfate released
from bouine skin .by prOteolytic_digestionvcontained_amino acids'gven |
after'extensive purification, nhich suggests that dermatanASUlfate:;F,

'_tightly'hound‘in‘the’natiVe state to a protein presumed tO'he‘collagen.
: , , _ : - .

The resistance'of the dense coats to papain digestion'in this stud&—of'

gingival perlodontal ligament and the finding of Toole and Lowther would

suggest that the dense coats are composed mainly of proteodermatan

sulfate. - L ‘ | o o

. The peripheral location of the spherical masses at a'specific

‘site‘along the‘major‘repeating period of the collagen fibril and its



, o : 120
observed morphology 1s supported by Nakoe and-Bashey (1972) in their
study of rat tail tendon and bovine heart valves exposed to ruthenium

red and osmium tetroxide. These workers, with the aid of high magnific-

J o , .o

e structures were situated at the same . minor band site in each major band
period, resulting in a regular 640 A center-to-center distance. ' '

The -apparent. linkage qf the fine filaments, either directly or

o

‘indirectly,.by spherical masses (Plate 5) to the darker staining portion
of the major banding of neighbouring collagen fibrils is also supported

by the micrographs of Nakoe and Bashey (1972) which show a fine filament

v

interconnecting tranSverse sectioned collagen fibrils and 1nterfibrillar_-

filaments apparently associated with ‘the perifibrillar round masses
located dn the longitudinal sectioned collagen fibrils. In agreement'

with the findings in the present study, fine filaments of a similar size

-

(30 - 35 A) have been demonstrated in human knee: synovial membrané
vcollagen(fibrils after staining and fixing in the two-ruthenium red

containjng fiﬁatives (Myers et al., 1969}; In addition, these.fine

filameé{s seen in‘synovial membrane'were highly.orientated in respect to
the major banding of collagen fibrils and appear to form bridges ‘between

adJacent fibrils. These workers also reported electron dense structures

termed '"transverse belts" overlying the‘periodic bandingpand projectingkl
‘ dutward fromrthe'edgepof the collagen fibrils>approximat:§§’500 Angstromsr-
' ;The results ndted after testicular hyaluronidase'indicat a composition
'of hyaldronic:acid and chondroitin sulfate. -jTherefore, it is'reasonable
to assume that the transverse belts, because of their position and |
compOSition, are 31milar in nature to the perifibrillar rOund masses of
rat tail tendon collagen fibrils (Nakoe and Bashey, 1972) and the -

.

spherical masses, of rat gingival periodontal ligament collagen fibrils.

_‘ation_micrographs,wdetermined-thatwancontinuousrrow»ofwthese~perifibrillar~’““
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However, because of the sliéht difference in!morphology; it is suggested .
that this representsla species variance in glycosaminoglicans. A |
-similarvsuggestion of specie variation could be made following 3
-comparison—-of the fine;filament'networks“seenvin—gingivai~periodontalj~~wmﬁé;~
interfibrillar\areas and the intermediate fibrils seen in synovial
interfibrillar areas.(Myers et al.,'1969)€as both:of these.structures
appear to consist mainly of hyalgronic acid.

The hyaluronic molecule has a shape in the configuration of a,
élerible, randomly coiled, long chain\goiymer occupying a spherical
domain as indicated by data from Sedimentation and streaming birefriné;
ence measurements (bgstOn-and;Stanier, 1951"1953) as well as light'
scattering measurements (Laurent and Gergely, 1955; Rowen et al., 1956)
The 1ntermed1ate fibrils of synovial membrane reported by Myers et al.
(1969) do exhibit some coiling and therefore resemble this description

_ofithe hyaluronate molecule.. Along these lines, it is'tempting to
pOstulate that thevnet—like'arrangenent of_fine.filamentsvseen between-
gingival‘periodontal ligament-collagen fiﬁriis represents a different
-;type_of model'structure for the hyaluronatebmolecule._ The finest |
elements, the filaments‘measuring 30 - 45az.in niameter, represent:the
’pOIYSaccharide component and the amorphous masses_seen occasionally at
tne pointsvof uniontof_tne ffne filaments are'possibly minor amounts ot
protein. A structure of tnis nature in its tnree—dimensionai forﬁ could
serve well in a role of resisting:compression'as suggestedpby\Fessier
(1960). v ' - C

. p v ) 4
However, there a:- [actors that make acceptance of:this‘alternate ;
model,of the hyaluronate nolecule untenabie.‘ Firstly,‘the openings of

» 0 .
the mesh range from 500 - 1000 A and even larger in some areas, which

would allovaassage of very large particles. This is in contradiction
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to the study by Laurent-and Pietruszkiewicz (1961) who noted- that the
retarding effect of the hyaluronate macromolecular structure was

greatest against particles over 400 Angstroms. Secondly, although there

Awasma decrease in ruthenium red staining structures”noted in this investig—
ation after incubation in papain, this is lnterpreted as a loss of
-stainable,glchSaminoglycan moieties due to removal of segments_cf the
protein moiety to which the glycosaminoglycan chains are covalently
bqund. In,%dditicn, there'is‘at present no evidence td‘support an in
vivq reaction between rutheniun.red and proteins in the native state.
Furthermore; in vitro experiments indicate that ruthenium red is un-
reaetlve with several test protelns (Luft 1971a).

It“has been postulated that proteoglycan pacromolecules have a

Ty

functlonal role of orientatlon and stabilizatlon of collagen microflbrils

: (Mathews, 1965; ‘Luft, 1971b Jackson and Bentley, 1968). In regard to
the dense coats surroundlng collagen fibrils, it is suggested (Luft,
1971b) that they prov1dgzor1entat10n by promotlng registration of minor
~bandzgg between nelghbourlng fibrils. It was further suggested that
tenden with its dense packing of collagen fibrils may derive strength
from this alignment of fibrlls FSupportive’evidence'fdr ar orientation
functlon by interflbrlllglﬁdense coats 1is 1nd1cated by the parallel

array of glngival perlgsonfgi collagen fibrils seen in ﬁlate 8. 1In this
mlcrograph nelghbourlngfc?llagen fibrils separated by electron dense \ég;‘.;
'1nterf1brlllar mater1a1 appear to be orientated with similar minor bands
in register. Such an allgnment of glnglval collagen fibrlls, if created
for naximum strength, ‘would be highly beneficial in re51sting forces o
applied to'thelsUpra-alveolar tissues during masticatlon.'~Additional'

' suppdrt for the concept‘of prcteoglycan stabilization of collagen micro-

fibrils is suggested by the perpendicular orientated fine filanents as the



123
majotity of these filaments.seen appear to link together“adjacent
periodontal collagen mictofibrils._ The wlde:interfibrillar spaces and °
the residual filaments remaining after incubation of tissne'blocksbln
 apain; Followed by expesure fo ruthénium red and osmium tetroxide,

would give some supportive evidence to this concept.

! Mathews (1965), from 1ight scgttering, viscosity and enzymatic
techniques (Mathews and Lozaityte, 1958), has proposed a model for the
flnteraction between collagen microfibrils and ‘the proteochondroitin
sulfate molecule (Figure 3 . .ge 22). The fine filaments resemble the.
polysaccharlde side chains which are covalently linkéd to the central
protein cote‘(RodEh and Armand, 1966) but’electfostatically bound to
the collagen fibrils in parallel alignnent.to the non-collagenous
wprotein cote It is qu1te llkely, but not definlte, that these fine
filaments are composed of chondr01t1n sulfate dlsaccharlde repeating
) units due to their removal by testicular hyaluronldase. however, what
is not obvious is the position of the central protein core because it‘is_
presumed that.pnoteins_do'not‘stain with ruthenium fed;:nor.has protein
.component of the ptoteochdndroitinzmolecule been rewealed'by double
staining'of.tuthenium.red stained sections with heavy'netals. ‘The poly-

peptide cha1n>may be 31tuated between collagen fibrils as Mathews

suggests, however, 1f this were/the s1tua;%f§;.one would expect to see‘

fine fllaments extendlng from a collagen ibril halfway across the e

: 1nterf1br1llar spaces to its point of covalent linkage to serine (Roden
arid Armand, 1966) "Then, either above or below, separated ‘by several
Angstroms, a contlnuatlon of another polysaccharlde chain to the collagen-
.
fibril on the opposite’side should also be evident. This dlscontlnu—

ation of filaments extending from one collagen fibril to another was not

noted in any of the micrographs included in> the results of this

’
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investigation. The positioning of a central protein core directly on
the collagen fibrils also cannot be substantiated due to the residual

fi ments remaining after papain incubation._ That 1s, if the portion '

of the filament removedtwas formerly attached at its disrupted endrto
the protein éy a covalent linkage, this ‘would suggest ‘that the terminal

end of»the'filament still attached to the collagen fibril would have to_

be linked by a‘stronger'bond‘than an electrostatic force. Conversely,

if the attached reSidual filament was due to incomplete digestion of
- the collagen linked protein core by papain, this would suggest that the
portionlremoved_was more than just polysaccharide‘in nature; The only
conclusion thatqcould be drawn\is -that the ffne filaments represent the
:u;fentire proteochondroitin—sulfate moleculedas'suggested.by Fitton Jackson”
(1964)‘with the protein corerverlaid by a ceiled polysaccharide chain.,
A third”alternative model for -the interaction oé glycoprotein, proteo-
-'glycan and collagen flbrllS, in order to produce a stabilized structure,
has been proposed by Jackson and Bentley (1968)‘_“This model (Figure 4, h
- page 22).suggests an exten51on of the polysaccharlde side chains over
sevaral collagen fibrils. However, it is:quitelobVious.from the micro-
graph ‘or ra gingival periodbhtal ligament,tissue that there'is no |
_evidencebof theﬁelectron densgvfilaments‘superimposed.on collagen fihrilsh

In’addition; oné.of these fine fildments'associaded perperdicular
< . N

to- collagen fibrils (Plate 4y suggests a branching effect.i Myers et al.
f(1969) noted short 31de chains on some of the fine lateral filaments ‘

they observed. .However, the‘branching'effect~seen in this‘prescnt study
is much more definite and appears to be linked.tofthe.collagen,ribril_at ~
both terminal ends of the branch. Unfortunately, this hranching was’

noted in only one other micrograph (Plate 10); therefore without

further study, it would be premature to attempt any 1nterpretation of
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fthe significance of this’structure.

“reaction with protein lowers the isoelectric point, thus'interfering N
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It is concluded from the effects of enzyme treatment and other

supportive evidence offered by the results of similar studies with

ruthenium red that these electron dense. structures, which are seen

’

- closely associated‘with rat glngival periodontal collagen fibrils, are

highly likely the glycosaminoglycan moiety of proteoglycans.. However,
\
it is not certain if the observations noted repreésent the true morphology

of these structures in the native state; nor is it certain that the

- structures seen represent the total amounts present Of concern is the

i

fact that cationic dyes desult in marked shrinkage of the tissue and

often distortion of finhe structure (Szirmai 1963). This is countered

4
by the effects of the aldehyde fixatives which preserve the protein

moiety of the proteoglycan. HOWever,'SZirmai considers that‘this J;{C

with the subsequent staining by the cationic dye. ‘In addition, aqueous

solutions of formaldehyde will extract glycosamlnoglycans to- anconsidex-

'able extent (821rma1, 1963) Hence, it is. more than likely that

glutaraldehyde used in this 1nvest1gation might also remove some of the

F

'glycosaminoglycans before stabilizatlon by the cationic ruthenium red.

N .
“It is therefore quite ‘evident that un&!l more sophistlcated

methods are developed for preservation of the glycosamlnoglycan,n
con31derable caution must be employed during the 1nterpregation of the

results. Also, a much broader range of enzymes, other than testicular

hyaluronidase and papain must be used for specific-identification of

~each of the‘glycosaminoglycans. Furthermore, cetylpryldinium chloride

should be employed as it has been shown to block the staining of

-ruthenlum red (Gustafson and Pihl, 1967a).

When_ these refinements in the technique have beén perfécted and

B
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when the knowledge is complete of glycosaminoglycans in normEi gingival
) periodontal ligament, then and only then will it be possible to do k

'_comparative studies of glycbsaminoglycans in the diseased state.
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APPENDIX

"‘-» -~ Although perfusion of ruthenium red combined with glutaraldehyde
’may prove ‘to be. effective in overcoming ‘the poor penetration of ruthenium

. red, Specificity of staining of the’ glycosaminoglycans by’ ruthenium red

" must bb established by the methylation technique and enzymatic digestion
of unffked tissue specimens., Therefore, a second method of obtaining

.and preparing fresh periodontal tissue was employedl This method

'conSisted of removal of thekﬁfuﬁbles and cutting 1/2 millimeter bucco— o

ﬁ-lingual sections with the bone and tooth sectioning machine (as described

in Chapter 3) for obtaining speCimens after perfusion fixation. However, p

kinstead of using the fixative glutaraldehyde as the disc and tissue

coolant, cold normal saline (pH 6.2) was used As the sections-were

cut, some were immediately placed in either cold (4 C) 1. 2 percent :

' glutaraldehyde in- O 1M Na cacodylate buffer (pH 7. 4) w1th 1500 ppm
_‘ruthenium fed for a period of fourteen hours, or ‘in - the same solution o

‘ .without ruthenium red for a Similar length of time.;

B Other sections were incubated in’ hyaluronid?se, papain and saline,

‘according to the method ‘of Myers et al. (1969 that is, bowine : "

testicular hyaluronidase (Worthington B:échemﬁéal Corporation, 1500

1units/ml, in’ normal saline) for a period of one hour at 37 .C; papain

'(WQrthingtOn s 130 units/ml, in normal saline) at 37 C for thirty

‘minutes and normal saline for.one hour at 37 C.' In addition, SOmenof é

these speCimens were methylated w1th 005 N HCl in methanol at an

incubation temperature of . 58° C and ‘times of one, ‘two and four hours
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o ‘ ‘ ' . . P | T 1‘4‘.6’.
A'(Fisher and Lillie, 1954) Following incubation of the tissues in
_methanol HCl, enzymes and normal saline, the specimens were briefly

¢

rinsed 'in cool (10 - 15 C) clear 0 1M Na cacodylate buffer and- fixed .
‘for fourteen hours at 4 C in. the 1.2 percent glutaraldehydeprsodium |

cacodylate and 1500 ppm ruthenium red solution. ' Then all the specimens, Y

“Aexcept those controls fixed in glutaraldehyde withgpt ruthenium red were:
given three twenty minute. rinses in cold (4° C) 0 1 M Na cacodylate buffer 2
(pH 7.4) with 800 ppm ruthenium red before poSt-fixation'in‘Z‘per t

: S
osmium tetrOXide in 0. 05 M. Na cacodylate buffer witH‘400ippm ruthenium

e —

.red for a period of four hours at 4 C. pThq\glutaraldehyde without

e

, ruthenium red fixed speCimens were treated in the same manner,-except

v
o

that ruthenium redrwas.omitted from allosolutions.: From this point . A,

'onward, ‘the dehydration, clearing, embedding in- araLdite and preparatrcn
4 .

 of cured specimen blocks for'sectioning was of‘the same procedures as
_ ) - b o . ‘

_ ~'that described for the perfusion fixed tissue specimensilv_

Sections 1 micron in thickness were cut from sample tissue

‘}fdffspgcimens'selected from'the ruthenium_red'treated‘tissueSsand.the enzyme"

. incubated tiSsues; These sections were stained with toluidine blue and
"examined with the light microScope. It was noted that thevepithelial

cells of the attachedvand free,gingivagdemonstrated marked intraCellular"

VIV E . g

N : . AP )

edema, and the collagen'fibers did‘not appear to°stain as'in%ensely as =

the sections from perfusion fixed speCimens. Thin sections for electron

microscope - study did not cut well and, when -examined in the electron

‘microscope, ‘the’ sections exhibited torn areas_and the collagen fibr113‘

. ,‘o. - . : ,

were of a very low density which necessitated counter staining with o

heavy metals; e , v
: N . S R TR

' One micron sections from the methylated tissues were also stained:

~ with toluidine blue and'examined'in"the light microscope. These sections



microscope study. Thin sections,‘when examined in the'electron mich;gg_;ﬁgﬂ

147

‘eXhibited considerable sturbance‘in morphology’ which appeared as loss

~‘t:; wide artifact spaces between the"groups'of fihrils.

N

of cellular structure. and large interfibrillar spdces. ’The degree of

“disturbance increased with the incubation time'_therefore, Only the v

tissue specimens methylated for one hour were. selected for electron

scope, did not demonstrate normal architecture y}th regard to the

" collagen fibrils.' The collagen ibrils were "bunched" together, leaving‘ }

N

Revel (1964) also noted that elegtron microscopic specimens are -

..

"fainly badly damaged by methylation in 0.1 N HCl at 60° ¢ for twedty

~

minutes. However, he claimed that it was. p0551ble to determine\abolition

Cof c01101dal thorium stainable material in areas where ultra tructural

-

detailkwas retained Although 1ﬂ.this present study of gingiva"

.dontal ligament it too appeared that there was no readily observab e

4

. electron den31ty, thus 1nd1cat1ng 1nhibition of the uptake of the: cation

‘dye by the tissue anions, this could not be demonstrated concluS1vely in

-the 1nterf1brillar areas due to the closely packed collagen fibrils.

“Hence no micrographs were taken for 1nclu51on in the results of this»

i . . . | "1: o

thesis.

In addition because of the unfavourable results w1th the tissues.

_obtained by,bucco 11ngual disc1ng of the rat mandibles, gingical\tissues

obtalned by the glngivectomy technlque were not subJected to methylation._
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