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ABSTRACT 

Yel low-brown g ranules o f  l ipofusc in ( age pigment ) a c cumulate in the 

cytoplasm of long-l ived cel ls of many eucaryotes , inc luding man . The 

granules a re derived f rom lys os omes , and are defined by 

character i s t i c  mo rphology, colou r ,  f luo rescence, and histochemistry .  

They i n c rea s e  i n  number w i t h  a ge i n  p o s t -mi t o t i c  cel l s ,  a nd a re 

rega rded a s  ma r kers o f  t he a g i n g  p r o c es s . Lipo f u s c in i s  widely 

a s s umed to c on s i st of produ c t s  of peroxi di sed f a t ty a c ids c ros s ­

l i n k e d  w i t h  a m i n o  g r o u p s  o f  p r o t e i n s , n u c l e i c  a c i d s , a n d  

phospholipids , but this theory has not been proven . 

The occur rence, histology, st ruct ure, and c omposit ion o f  l ipofuscin 

in t hyro cytes f rom h o r ses o f  a w i de range of a ges were st udied . 

Granules were a bsent at birth but were widespread by the age of 5 

yea rs . In  young hor ses , granu les were la rges t in f o l l i c les which 

c ontained abnorma l colloid . After 5 years the amount of  l ipofus c in 

in thyrocytes was not age- related . Lipofu s c in was f luorescent , and 

s t a ined w i t h  PAS , S chmo rl ' s , and Ma s s on ' s Fontana stains , a lthough 

t he st aining intensity va ried between horses . Lec t in histochemis t ry 

demo n s t r a t ed t he p re s e n c e  o f  ma n n o s e  a n d / o r  g l u c o s e . Sma l l  

s ubpopulations o f  granules in s ome sect ions contained i ron and some 

g ranules contained DNA . 

Lipo fusc in granules were ir regu l a r  in s i ze and shape, and cons isted 

o f  a n  e l e c t r o n - den s e  ma t r i x  a n d  r e l a t i v e l y  e l e c t r o n - l u c en t  

' vacuoles ' ,  which did not conta i n  l ipid . They appeared t o  fuse with 

c o l lo i d  droplet s ,  and sma l l  granu les were observed w i t h i n  c o l l o i d  

droplet s . 

T h y r o i d  l i p o f u s c i n g r a n u l e s  i s o l a t ed b y  o s mo t i c  s h o c k  a n d  

d i f ferent i a l  cent r i fugat ion s h o wed the s ame u l t ra s t ructure a s  in 

s itu . The protein content ranged f rom 15% to 77% w / w  (mean = 3 6 % ) . 

In cont ras t ,  the amino acid compo s i t ion wa s const ant and s imi l a r  to  

that o f  t hyroglobu l i n . The mo st distinctive feature o f  l ipofuscin 

protein wa s t he presence of four proteins of 1 4 - 1 8  kDa . The halide 



concentration o f  l ipofuscin wa s approximately t wice that o f  thyroid 

t i s s ue .  L i p o f u s c i n c o n t a ined no t r i g l y c e r i des , and o n l y  sma l l  

quant i t ies o f  pho sphol ipids (mean = 1 . 2 5 % w / w )  I n  cont r a s t , the 

c o n cent r a t i o n s  o f  c h o les t e r o l  a n d  do l i ch o l ,  up t o  1 9 %  a n d  1 5 %  

respect ivel y ,  were high a lthough very va riable . Sma l l  amounts of  

nuc lea r DNA were detected . The emp i r i c a l  f o rmul a  o f  t he rest of  

l ipofuscin indicated that it  was  principa l ly carbohydrate, which was 

cons istent with t he PAS and lect in histochemistry .  

Most o f  the l ip o f uscin mas s  was analysed and there wa s n o  evi dence 

t ha t  it a r o s e f rom l ipid per o x i da t i o n . The p r o t e i n  o f  

thyroid l ipo fuscin probably cons i s t s  o f  proteolytic intermediates o f  

t h y r o g l o bu l i n . Comp onen t s  f r om ot h e r  s ou rces , and t u r n o ver o f  

granule content s ,  cont ribute to  the chemical heterogeneity . 

T h e  c ompo s i t i o n  o f  l i p o f u s c i n  p r ob a b l y  v a r ies bet ween t i s s ues . 

However a l l  l ipofuscins a re likely t o  share lysosoma l funct ions such 

as st orage of p roteo lyt i c  intermediates , met als  a nd do l i c ho l . As 

w i t h  thy r o i d  l ipofuscin,  they may be more soluble and more readily 

ana lysed t han is genera lly assumed in the l iterature . They may also 

be act ive o rgane l les of  met abo l i c  s ignificance, rather than inert 

indicators of  the aging proces s . On the bas is of  this  s t udy, they 

should be re-eva luated . 

• 
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CHAPTER 1 

INTRODUCTION 

1 

The l i p op i gment s a re a h e t e r ogene o u s  g r oup of  i nt r a cy t opl a smi c 

g r a n u l e s  w h i c h  s h a r e c h a r a c t e r i s t i c s  o f  c o l o u r ,  mo r p h o l o gy ,  

fluorescence , and a f f inity for a number of  histological stains . The 

l i t e ra t u re rega rding the l ipopigment s i s  v a s t , contradi ct o ry ,  a nd 

plagued by confus i on . 

Nume rous terms a re used t o  de s c r i be and di s t ingu i s h  l ipopigment s ,  

i nc l u ding l ipofu s c i n ,  ceroid,  age pigme nt , wear-and- t e a r  pigment , 

cytolipochrome , chromol ipoid, and haemoceroi d .  Thi s  va riety of  te rms 

reflects not only the heterogeneous nature of lipopigment s ,  but a l s o  

t h e  considerable confusion which exists in t h e  literature concerning 

t h e i r  o r i g i n s  a n d  r e l a t i o n s h i p s . O n e  s i mp l i f i e d s y s t em o f  

t e rmi n o l ogy h a s  been t o  r e f e r t o  l ip o p i gments w h i c h  appe a r  a s  a 

result of  a pathological process  a s  ' ce roid' and those that appear 

spont aneously and accumulate progressively with age in no rmal t i s s ues 

as ' age pigment ' ( Oliver 1 9 8 1 ,  Porta 1 9 8 7 ) . The term ' l ipofuscin'  

[ Greek : l ipo -=f a t  + Latin : fu s c u s=dus ky) w a s  int roduced in 1 9 2 2  by 

Borst to describe the yellow pigment observed in neurones by Hannove r 

in 1 8 4 2  and correlated with age by Kone f f  i n  1 8 8 6  ( P orta and Hartroft 

1 9 6 9 ) . ' Lipo f u s c i n '  is  used as  a synonym for age pigment by mo st 

authors (Oliver 1 9 8 1 ,  Porta 1 9 8 7 )  but has a l s o  somet imes been used to 

de s c r i be i ndu c e d  or p a t h o l o g i c a l  l i p o p i gme n t s  by o t he r s . An 

a s s umpt ion that t he lipopigment s have a n  o rigin and compos i t i on in 

c ommon , and that t herefore t he te rms ' l ipofuscin ' and ' ce roid' a re 

synonymous ( e . g .  Bieri et a l  1 9 8 0 )  exacerbates the confus ion . 

The occurrence of  ceroid in a s sociation with Vitamin E defic iency i s  

well recognized ( Lillie e t  a l  1 9 4 1  1 9 7 4 , Moo re and Wang 1 9 4 7 , Sulkin 

and S revani j 1 9 6 0 ,  Cordes and Moshe r 1 9 6 6 ,  Bieri et al 1 9 8 0 ,  Kat z et 

al 1 9 8 5 ,  S a rt e r  and van de r Li nde 1 9 8 7 ,  Davies et  a l  1 9 8 7 ,  P o rt a  

1 9 8 7 ) . S ince Vitamin E i s  bel ieved to  act a s  an antioxidant in vivo , 

the conclusion that ceroid i s  an endproduct of peroxidati on of l ipid 

i s  a l mo s t  unive r s a l l y  a c cepted,  a l t h o u gh not p r oven chemi c a l l y . 

Ext rapolat ion o f  this theory has led to  the widely held belief that 



2 
oxidat ive damage t o  cel lular l ipids and protei n s ,  initi ated by f ree 

radi c a l s ,  is also the cause of  age pigment formation and account s for  

its  f l u o res cence unde r ultraviolet l ight ( Chio and Tappel 1 9 6 9a , b , 

D a v i e s  1 9 8 8 ) . S i nce a ge pigment a c c umu l a t e s  in an age - dependent 

f a s h i o n ,  s u c h  p e r o x i d a t i o n  h a s  a l s o  b e e n  sugge s t e d a s  b e i n g  

implicated i n  the aging proce s s . An ent i re theory that aging i s  due 

t o  f ree radical-i nduced oxidat ive damage has been devel oped ( Ha rman 

1 9 8 4 ,  1 9 8 8 ) , for which the accumulation of age pigment is cons ide red 

s uppo rt i ng evi de n c e  ( Lippma n  1 9 8 3 ,  Go rdon 1 9 7 4 ) . Thus a c u r i o u s  

pa radox exi sts in that although age pigment i s  gene rally rega rded a s  

a ' no rmal '  cel l ul a r  inclusion rel ated only t o  aging, and ceroid as  

being a con sequence o f  pathological change , t he presumed biogene s i s  

o f  t he ' abnorma l ' l ipopigment h a s  been extensively used as a valid 

mo de l for the c ompo s i t i on ,  b i ogene s i s ,  and signi f i c a n c e  of t he 

' n o rma l '  l ipopigment .  The distinction between the two lipopigment s ,  

and the di f ferences between them, are f requently understated, leadi ng 

t o  such un j usti fied conclusions ( Porta 1 9 8 7 ) . 

F o r  t he pu rposes of  this thes i s ,  the term ' a ge pi gment '  i s  used to 

de s c ribe the granule s whi ch a c cumu l a t e  p r og ress i v e l y  w i t h  a ge in 

normal tis sues , and the term ' lipofusc i n '  i s  used as  a more gene ral 

t e rm for granu l e s  whi ch acc umulate i n  n o rma l t i s sues but h ave not 

been demonstrated to increase with age , unless t he autho r / s  c i ted 

h a v e  u s e d  t h e  t e rm age p i gment . ' Ce r o i d '  i s  u s ed t o  de s c r i be 

granules which develop in a s s oc i a t i on with pathological proce s s e s ,  

part icula rly where the re is  reason to s uppose that lipid peroxidation 

may be involve d .  The term ' l ipopigment '  i s  used as  a general term 

encompassing age pigment , ceroid, and l ipofuscin . 

Characteristics of lipofuscin 

Colour 

Lipofuscin has a natural gold-yellow or b rown colour which may c ause 

a gross  di scol ourati on of t i s sues ( Dolman and Mac leod 1 9 8 1 )  but the 

chemical natu re of  t he chromogenic group is unknown (Ellede r 1 9 81)  . 

The re is  evidence that lipofuscin has little or no colour when newly 

f o rmed, and devel op s  colour with t ime ( Few and Getty 1 9 6 7 ,  P e arse 

1 9 8 5 ) . 
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Staining 

Lipofuscin remains intact in paraffin sections but stains with l ipid 

stains such a s  Sudan Black B and Oil Red 0 (Dolman and Macleod 1 98 1 ) , 

although the intensity of sudanophil i a  varies considerably (Ellede r 

1 9 8 1 ) . Lipofu s c i n  reduces fe rri c fe r r i cy anide to  Tu rnbul l ' s  b l u e  

( S c hmo rl ' s  s t a i n ,  P e a r s e  1 98 5 )  but the i dent i t ies o f  t he redu c i ng 

groups a re unknown ( E l leder 1 98 1 ) . A posit ive reaction t o  periodic 

a ci d - S chiff ( PAS ) s t a i n  i s  v a ri ously att ributed t o  the presence of 

e t hylenic groups or to  the presence of a g l y c oprotein ( D o lman and 

Macleod 1 98 1 ) . The reaction of periodic acid with hexoses produces 

a l dehydes which then react with Schiff' s reagent to  produce S chiff 

bases . Theoret ically aldehydes which were a l ready present would a l s o  

react with Schiff' s reagent ( Pea rse 1 98 5 ) . 

Lipofuscin is  acid-fast after prolonged Zeihl -Neelsen staining . Thi s 

property has been att ributed to  the pos s ible presence of acid groups 

(Dolman and Macleod 1 98 1 )  or  to  polymeri z ation of l ipids giving rise 

to s t ructures re sembling mycolic acids of tubercle bac i l l i  (Elleder 

1 9 8 1 ) . RNA a n d  a numbe r o f  ami n o  a c i ds h a ve been demon s t ra t e d  

h i s t o c h e mi c a l l y i n  l i p o fu s c i n s  ( D o l m a n  a n d  M a c l e o d  1 9 8 1 ) . 

H i s t ochemi cal r e a c t i ons fo r a number of e n z ymes , p a r t i c u l a rly t h e  

lysosomal en zymes a c i d  phosphatase , beta -glucu ronidase , and estera s e ,  

and t he mi tochondrial enzymes succinic dehydrogenase and cytochrome 

oxidase , have a l s o  been reported (Dolman and Macleod 1 98 1 ) . 

Fluorescence 

Lipofu s c i n  exhibi t s  fl uore s cence unde r ult r aviolet l ight , with t he 

repo rted colour o f  emitted l i ght ranging t h rough y e l l owi s h -wh i t e , 

yel l ow ,  orange , red-brown , t o  brown (Elleder 1 98 1 ) . Much has been 

inferred from this property , which has been regarded as evidence t hat 

l ipofuscin is  composed of the products of rea ctions between the amino 

g r o u p s  of p r o t e i n s a n d / o r  n u c l e i c  a c i ds and ma l on di a l de hyde ( = 

mal onaldehyde ) , a product of oxidation of polyunsaturated fatty acids 

(Chio and Tappel 1 9 6 9 a , b ,  Ki kugawa 1 9 88 ) . Products of an i n  v i t ro 

mo de l of thi s r e a c t i o n  s h a re with l i po fu s c in a yel l ow c o l o u r  and 

fl u o r e s c e n c e  u n de r u l t r a v i o l e t  l i g h t . T h e s e  p r o p e r t i e s  a re 

a t t ributed t o  t he fo rmat i on of con j ugated Schi ff b a s e s . ( Ch i o  and 

Tappel 1 9 6 9a , b ) . The fluorescence emi s s i on of an in vit ro model of 
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conjugated Schiff bases i s  blue while lipo fuscin granule s  emit yel l ow 

fluorescence ( Eldred et a l  1 9 8 2 )  . No fluorescent molecule ext racted 

f rom a ny source of lipofusci n has ever been purified and c hemi c a l ly 

characterised ( Eldred 1 9 8 7 ) . Although Shima saki et al ( 1 9 7 7 )  found a 

chloroform/methano l - so luble s ubst ance whi c h  accumul ated with age i n  

rat t i s sues and exhibited fluore s cence simi l a r  t o  that reported f o r  

l ipofuscin, they did not demonst rate that t h e  s ubstance w a s  ext racted 

f rom l ipofuscin.  

Morphology 

U nde r t he l i ght mi c r o s c ope , l i pofuscin appe a r s  as l ight ye l l ow o r  

b rown i nt racytopl asmic granule s ,  round o r  oval i n  shape and measuring 

0 . 5  t o  3 urn i n  d i ame t e r . Gra nu l e s  a re rep o rted t o  i nc r e a s e  i n  

numbe r ,  colour, and s i ze with age (Dolman and Macleod 1 9 8 1 ) . 

B y  e l e c t ron mi c r o s c opy l i p o fu s c i n  granule s  appea r  a s  i rregu l a r l y  

s h ap e d ,  i nt e nse l y  o s m i oph i l i c  b o d i e s  e nc l o sed by a s i ng l e  u ni t  

membrane which may be s o  c l o s e ly adhe re nt t h at i t  i s  di f f i cult t o  

see . The granules may contain elect ron-lucent structures referred t o  

a s  ' vacuole s '  o r  s omet ime s a s  ' l ipid droplet s' , which may pro j ect 

beyo nd t he cont o u r  of the de nse s t ru c t u re . The s e  ' v a c uol e s ' a re 

rep o rted t o  become mo re numerous in g r a nul e s  wi th age ( Dolman a nd 

Macleod 1 9 8 1 ) . They are commonly a s sumed to  contain l ipid (Dolman a nd 

Mac leod 1 9 8 1 ,  Goebel 1 9 8 8 )  although there i s  a lack of  evidence t hat 

the c o nt e nt s  a r e l i p i d  ( H e im a nn 1 9 6 6 ,  J o l l y  i n  Goebe l 1 9 8 8 ) . 

Samora j ski and Ordy ( 1 9 6 7 )  propose that the biogene s i s  of  lipofuscin 

begi ns with the vacuo l e s , but Gl ees a nd Hasan ( 1 9 7 6 )  conside r that 

the vacuoles represent degradation of the l ipopigment . 

The ultrastruct u ra l  appearance of the mat rix of l ipo fuscin granules 

is v a r i a b l e ;  it may be homo g e ne o u s , g r a nu l a r ,  l ame l l a t e d  or a 

c omb i na t i o n  o f  t he se type s ( S amo ra j s ki et al 1 9 6 5 ,  Few a nd Getty 

1 9 6 7 ,  I keda et  a l  1 9 8 5 ) . It  has been s uggested that the l amel l a ted 

pattern is indi c a t ive of  phospholipid memb ranes ( S amo ra j s k i  et  a l  

1 9 6 5 ) . 
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Chemical and physical analyses 

The affinity of lipofuscin for lipid stains has  led to the assumpt i on 

that i t  is  principal ly l ipid in composition . Hendley et al ( 1 9 6 3b ) 

reported that lipids represented only 2 7 -4 0 %  of  the mas s  of  i s o l ated 

human c a rdiac age pigment . I n  cont rast , B j orkerud ( 1 9 6 4 )  found t hat 

5 1 % of the ma s s  of human cardiac l ipofuscin was lipid, and ident i fied 

cholesterol e sters , t riglyceride s ,  cholestero l ,  cephalins , lecithin,  

and sphingomyelin . Lipid polymers and phospholipids a re reported t o  

b e  the principal components of lipofuscin in the brain ( Taubold e t  a l  

1 9 7 5 )  . However ,  lipofuscin is  generally re s i st ant to  ext raction f rom 

unfixed t i s sues by t he chloro fo rm-methanol methods convent i o n a l l y  

used for l ipid ext raction (Elleder 1 9 8 1 ) . 

Amino acids and proteins have also been found in l ipofuscin ( Hendley 

et a l  1 9 6 3b ,  T a u b o l d  e t  a l  1 9 7 5 ,  D o lman a n d  Ma c l e od 1 9 8 1 ) , a n d  

p ro t e i n  repre s ent s 3 0 %  o f  t h e  ma s s  o f  h uman c a r di a c  l i p o f u s c i n  

( B j orkerud 1 9 6 4 )  . Approximately 3 0  protein bands were demonst rated 

by gel elect roph o re s i s  of age pigment i s o l ated f rom human ret i n a l  

pigment epithel ial c e l l s  (Feeney-Burns e t  a l  1 9 8 8 )  . Lipofuscin bodies 

o f  h um a n  p a n c r e a t i c  B - c e l l s  c o n t a i n  i s l e t  b o dy p e p t i de , a s  

demo n s t rated by immu n o cy t o c hemi s t ry . The i s let b ody pept i de i s  

l ocated i n  the elect ron -dense pa rts  o f  the l ipofuscin granules , which 

a re a l so acid phosphatase positive (Clark et a l  1 9 8 9 )  . 

The p re s ence o f  c a rbo hyd r a t e  in 

s ub j e c t  o f  s t udy ( E l l ede r 1 9 8 1 ) . 

l i po f u s c i n  h a s  r a re l y  b e e n  t he 

However comp o u nds l abe l l e d  by 

concanavalin A, p robably glycoproteins , a re present in lipofuscin in 

human brain , myoca rdium, epididymal , and s kin eccrine glands ( E l leder 

et a l  1 9 9 0 )  . 

Me t a l s , i n c l u d i n g  i r on , c o p p e r ,  c a l c i um ,  a n d  z i n c  h a v e  b e e n  

demonst rated i n  l ipopigments ( Ellede r 1 9 8 1 ) . Iron represents 0 . 1 5 -

0 . 2 % of  the dry ma s s  of  human c a rdi a c  age pigment ( Hendl ey et a l  

1 9 6 3 b )  . The lipopigment whi ch accumulates in the inheri ted disease 

ovi ne c e r i o d- l ip o f u s c i no s i s  c o nt a ins 1 - 1 . 7 % met a l s  ( P a lme r et  al 

1 9 8 8 )  . 

Lipofuscin has been f ound in association with melanin in s ome c e l l s  

such a s  t h o s e  o f  t he ret inal pigmente d  epithe l i um ( E l lede r 1 9 8 1 ) . 



6 
Neuromel anin, a pigment found in particular brain regions of  man and 

some other specie s ,  is histochemi cally disti nct f rom mel anin found in 

t h e  s k i n ,  h a i r ,  a n d  e y e s , a n d  s h a r e s  s ome hi s t o c h emi c a l  a nd 

morphol ogical characteristics with lipofuscin . The two pigment s have 

b e e n  f o u n d  i n  t h e  s a me c e l l s  o f  t h e  ne r v o u s  s y s t em ,  a n d  t h e  

s i mi l a r i t i e s  between t hem have l e d  s ome a u t h o rs t o  p ropose t h at 

neu rome l an i n  cont a i n s both me lanin and l i p o fu s c i n ,  a nd should be 

te rmed 'melani zed l ipofuscin' ( Bi anchi and Merighi 1 9 8 6 ,  Ba rden and 

Bri z zee 1 9 8 7 ) . 

Distribution of lipofuscin 

Lipofuscin is typi cally found in neurone s ,  which are postmitoti c ,  and 

in o t h e r c e l l s  w i t h  a l ow mi t o t i c  rat e ( P o rt a  1 9 8 7 ) . Nume r o u s  

s tudies , reviewed by P o rta and Hart roft ( 1 9 6 9 )  have demonst rated an 

a ge - re l ated incre a s e  i n  age pigment in the neurones of  the cent ral 

nervous system in a va riety of  mammalian species ,  including man . The 

l ipopigment granules a re found in c lusters in a perinuclear pos i t ion 

( Shima and Tomonaga 1 9 8 8 )  or  at the axon hillock ( Heinsen 1 9 7 9 )  . The 

quant i ty of lipofuscin a ccumulating varies between dif fe rent sites i n  

human ( Mann et a l  1 9 7 8 ) , canine and po r c i ne bra i n s  (Whit e f o rd and 

G e t t y  1 9 6 6 )  W h i t e f o rd a n d  Ge t t y  s ugge s t  t h a t  di f f e re n c e s  i n  

l ipopigment accumulation between regi ons i n  the brain may be due t o  

di fferences i n  leve l s  o f  neuronal activity , but Rei chel et a l  ( 1 9 6 8 )  

report that di fferences in l ipopigment accumul ation i n  various parts 

o f  brains of  rats and mice cannot be rel ated to the activity level 

of the di fferent a rea s . 

Glees ( 1 9 8 7 )  presented evidence , f rom elect ron mic ro scopy of primate 

brai ns , that mi c rogl i a l  cel l s  can fuse with cerebral neu rone s ,  take 

up l i po f u s c i n  g r a n u l e s  f rom t hem, a n d  t r ansport t he granu l e s  t o  

perivascular site s . Lipofuscin in a s t rocytes has been described by 

nume rous authors ( reviewed by Dolman and Macleod 1 9 8 1 )  . 

Lipo fuscin begi n s  t o  accumul ate in human myoca rdium in the s e c ond 

decade , a fter which it increases at the rate of 0 . 3 % hea rt volume per 

decade (Ambani et  a l  1 9 7 7 )  . An age-related increa se in lipopigment 

relat ive to myoc ardi a l  volume has also been repo rted in canine heart 

(Munnell and Getty 1 9 6 8 )  . 
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Lipofu scin i s  also found in s keletal muscle ( B ri z zee and Ordy 1 9 8 1 )  

and the re i s  s ome evidence that act ive muscle cells a ccumulate more 

lipopigment than relatively inactive muscle cell s . Postural muscles 

a c c umu l ate less l ipopigment t ha n  mus c l e s  of active moveme nt , a nd 

pa ralysed mus cles a re l e s s  pigmented than muscles of  a ctive movement 

(Dolman and Macleod 1 9 8 1 ) . 

There i s  a progress ive increase with age in l ipofuscin content o f  the 

ret inal pigment epithe l i um .  This form of  age pigment appears to  b e  

de rived from photorecepto r  outer segment s ,  which are const antly bei ng 

s h e d  a n d  a re p h a g o c y t o s e d  by t h e  c e l l s  o f  the re t i n a l  pi gment 

epithe l i um .  Phago s ome s cont a i ning st ructures inte rmediate between 

outer segment di s c s  and age pigment granules have been observed . Age 

p i gme n t  i n  t he re t i n a l  p i gme n t  e p i t h e l i um i s  a c i d  p h o s ph a t a s e  

positive ,  and fus i on of  prima ry lysosomes with lipopigment granules 

has been de s c ribed ( Feeney-Burns et a l  1 9 8 8 ) . Supporting evidence 

t hat age pigment i n  the ret inal pigment epithelium i s  derived f rom 

photo receptor outer segment s come s f rom studies of a st rain of rat , 

t he RCS rat , which has a hereditary defect resulting in degeneration 

of the retinal photoreceptor cells shortly a fter they develop . The 

age-rel ated increase in age pigment in ret inal pi gment epithe l i um 

c e l l s  of  RCS rats i s  much less than that in normal rats ( Ka t z  et a l  

1 9 8 6 )  Fu r t he rmo re , a de c re a s e  i n  a ge - re l ated a c cumu l a t i on o f  

l ipopigment i n  t he ret inal pigment epithelium of normal rats can be 

induced by the use of bright cyclic l ight , which causes des t ruct i on 

o f  photorecept or cel ls  ( Katz and Eldred 1 9 8 9 ) . Immunocytochemi s t ry of  

age pigment in retinal pigment epithelium cel l s  has not demonstrated 

the presence o f  rhodopsin, t he predomi nant prote in o f  photo recept or 

outer segment s ( Feeney-Burns et al 1 9 8 8 ) . Either rhodopsin does not 

enter the age pigment , or the antigenic determinant s of rhodopsin a re 

d e g r a de d  o r  ob s c u re d  w i t h i n  t h e g r a n u l e s  so t ha t  t hey a re not 

recogni zed by immunocytochemi stry . 

Lipofuscin also occurs in human oesophagus , stomach,  sma l l  intest ine , 

spleen , adrenal glands , lymph node s ,  blood vessel s ,  ovaries , uterus , 

(Pappenheimer and Victor 1 9 4 6 ) , pancreas ( Clark et al 1 9 8 9 ) , and s ome 

cell types in the kidney (Briz zee and Ordy 1 9 8 1 ) . Pigment granules 
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have been observed in prostate , epididymi s ,  Leydig and Sertoli c e l l s  

of  humans a n d  anima l s  {Bri z zee a n d  Ordy 1 9 8 1 ,  Mique l  et  a l  1 9 7 8 ) . 

Li p o fu s c i n  do e s  n o t  b e g i n  t o  a c c umu l at e i n  semi n a l  ve s i c l e s  o r  

e p i di dymu s un t i l  t h e s e  o rg a n s  b e c ome f u n c t i on a l  { S o h a l  1 9 8 1 ) . 

Lipofuscin also occurs i n  murine connect ive t i s s ues {Bri z zee and Ordy 

1 9 8 1 ) . 

Studies conce rning the quant ity and accumulat ion of l ipopigments mus t  

howeve r b e  interpreted with caution . S ince 1 9 6 8 ,  the most commonly 

u s e d  me t h o d  of q u a n t i f y i n g  l i p o p i gme n t  i n  t i s s u e s  h a s  been by 

s pe c t r o f l u o r ime t ry ,  t h e  me a s u rement o f  f l u o re s c e n t  s ub s t a n c e s  

ext r a c t ed by chl o ro f o rm-me t hanol {Hamme r a n d  B r a um 1 9 8 8 ) . T h i s  

me t h o d  i s  m o s t  u n l i ke l y t o  p r odu ce a c c u r a t e  re s u l t s ,  be c a u s e  

l ipopigment i n  t i s sues has been shown t o  be resist ant t o  ext raction 

in chloroform-methanol {Ellede r 1 9 8 1 ) . I t  has never been proved that 

fluore scent material ext racted f rom tissues by chloroform/methanol i s  

de rived from lipopigment at all {Sohal 1 9 8 7 )  and i n  fact ext ractable 

fluorescence is very poorly correlated with the numbe r of  l ipopigment 

granules in histological sect ion {Bieri et al 1 9 8 0 ) . A ma j or problem 

i s  that no rmal t i s sues cont a i n  fluores cent s ubstances that a re not 

l i p o f u s c i n - de r i v e d . V i t amin A ,  i t s  e s t e r s ,  a n d m a n y  o f  i t s  

derivatives and breakdown products are fluore s cent unde r ultraviolet 

l ight {Thompson et al 1 9 7 1 ) , and this p rope rty i s  used t o  mea s u re 

t h e s e  c ompounds in t i s sue s  {Thomp s on et a l  1 9 7 1 ,  Fung and Rahwan 

1 9 7 8 ) . The fluo rescence of the lipopigment which i s  st ored in ovine 

ceroid-l ipofuscino s i s  represent s only a sma l l  fraction of  the total 

f l u o re s cence i n  ovine liver { P a lme r et  a l  1 9 8 6 a )  F u r t h e rmo re 

import ant facto rs  in spect rofluorimet ry such as the temperature and 

t he pH a re very s e l dom spe c i f i ed and may not have been c o n s t ant 

between sample s  in the studi e s  unde rt a ken {Hammer and Braum 1 9 8 8 ) , 

t hu s  invalidating comparison between sample s . Another common met hod 

o f  q u a n t i f y i n g  l i p o p i gme n t  i n  t i s s u e s  i s  b y  me a s u r e me n t  o f  

f l uo re s c ence i n  h i s t o l og i c a l  s e c t i o n s  {H amme r a nd B r a um 1 9 8 8 ) . 

Complications of  this method include calibration and fading problems 

{Hammer and Braum 1 9 8 8 ) . 
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Intracellular significance of lipofuscin 

Lipo fuscin granules a re memb rane-bound and numerous lysosomal en zymes 

h a v e  b e e n  demo n s t r a t e d  i n  t h em . T h e y  h a ve be e n  de s c r i b e d  a s  

l y s o s omal residual bodies ( Ba rden and Bri z zee 1 9 8 7 ,  Goebel 1 9 8 8 ) . 

The r e  i s  deb a t e  o v e r wh e t h e r  t h e ma t e r i a l  i n i t i a l l y  f o rms i n  

ly s o s ome s o r  f o rms i n  some other o rgane l le and i s  t hen s t ored i n  

lys osomes . Vi rtually every type of organe lle has been proposed for 

the origin of lipofuscin (Dolman and Macleod 1 9 8 1 )  . 

I t  i s  widely s upposed that l ipofuscin i s  made up o f  i ndige s t ible,  

unexc reted cel lular wastes (Dolman and Macleod 19 8 1 ,  Sohal and Wol fe 

1 9 8 6 ) . O t h e r s  h a v e  p r o p o s e d  t h a t  l i p o f u s c i n  i s  u s e f u l , b u t  

unde rutili zed due to  the dec rea sed capability o f  the cell to  u s e  i t  

( fo r  review see Dolman and Macleod 1 9 8 1 ) . Still others bel ieve t hat 

l i p o f u s c i n  i s  an a c t i ve o r g a n e l l e  ( G l e e s  and H a s a n  1 9 7 6 )  A 

l i p o p i gme nt c a n  b e  i ndu c e d  i n  n e u r o ne s by hypox i a  ( S u l k i n  a nd 

S revani j 1 9 6 0 )  and va rious authors have speculated that l ipofuscin 

may be a cel lul a r  a daptat i on to  t i s s ue hypoxia . It has  a l s o  been 

proposed that lipofuscin granules represent the site o f  seque strat i on 

o f  substances noxious to the cell (Dolman and Macleod 1 9 8 1 ) . 

The l a rge amount of  l ipofuscin found in the cytoplasm of  some c e l l s  

has  l e d  to  the a s s umpt ion that the volume of  the l ipopigment mus t  be 

damaging to the cel l s  (Dolman and Macleod 1 9 8 1 ) . Howeve r ,  the extent 

t o  w h i c h  l i po f u s c i n  a f f e c t s  c e l l  func t i o n  is  u n known ( P o r t a  and 

H a r t r o f t  1 9 6 9 ) , a nd there i s  no  di r e c t  evidence that it h a s  any 

de l e t e r i o u s  e f f e c t . The f u n c t i o n  o f  mo u s e  s up r a op t i c  n u c l e u s  

n e u rones i s  n o t  a f f e cted by i n c rea s i ng quant i t i e s  o f  l i p o f u s c i n  

( Davies e t  a l  1 9 8 7 ) . 

The gradual accumulation o f  age pigment in postmitot i c  cel l s  s ugges t s  

t h a t  it cannot b e  excreted ( Dolman and Macleod 1 9 8 1 )  . However there 

i s  evidence from ult rastructural studies of  primate brains that age 

p i gment can be t ra n s fe rred f rom neurones t o  gli a l  cel l s  by partial 

fusion of  cell wall s  ( Bri z zee et a l  1 9 7 4 ,  Glees 1 9 8 7 ) . 
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Other 1ipopigments 

Lipopigments a l s o  a ccumulate in cells in a number of experimental and 

pathological condit ions which have frequently been rega rded as mode l s  

f o r  s tudying t he b i o gene s i s  o f  l ipo fu s c i n . The t e rm ' ce ro i d '  was 

f i r s t  u sed by Li l l ie et a l  ( 1 9 4 1 ) . Ceroid share s  many p roperties 

with l ip o fu s ci n ,  a l t hough Porta ( 1 9 8 7 ) s uggests  that new l y - f o rmed 

c e r o i d  i s  p a r t l y  s o l u b l e i n  l i p i d  s o l v e n t s ,  i n  c o n t r a s t  t o  

l ipofuscin . 

The accumulation o f  ceroid i n  various t i s s ue s  occurs i n  Vit amin E 

de ficiency in several mammalian species . Vitamin E deficiency in t he 

r a t  results in t he f o rmat i on of  lipopigment in the duodenal l amina 

p ropria and muscle l ayers ( Ka t z  et al 1 9 8 5 )  and in the uterus ( Bi e ri 

et  al 1 9 8 0 ) . S a rter and van de r Linde ( 1 9 8 7 )  reported a ' dramat i c '  

i n c rea se i n  lipopigment of  cerebral neurones in Vitamin E-deficient 

rat s ,  but Porta ( 1 9 8 7 )  found no such increase . Increased fluorescence 

under ult raviolet i r radi at ion,  attributed to lipopigment format ion,  

o ccurs in a number of  other t i s sues in Vitamin E def icient rat s ,  and 

may be accompanied by a brown di scolourat i on (Moore and Wang 1 9 4 7 ) . 

' B rown bowel syndrome ' , a he avy accumul at i on of l ipopigment in the 

s mo o t h  m u s c l e  o f  t h e h um a n  g a s t r o i n t e s t i n a l  t r a c t  f o u n d  i n  

a s sociation with chronic malabsorption and c hronic hepatic di s o rders , 

i s  att ributed t o  Vitamin E de ficiency ( Dolman and Macleod 1 9 8 1 ,  P o rt a  

1 9 8 7 )  . 

Because Vitamin E i s  believed to  act as  an antioxidant in vivo , the 

format ion of ceroid in Vitamin E deficiency has led to  the hypothe s i s  

that ceroid i s  the product o f  peroxidat ive damage t o  l ipids . Since 

polyunsaturated l ipids should be more suscept ible to  such damage than 

s aturated lipids , a diet high in polyunsat urated fats and de f ic ient 

in Vitamin E should cause increased ceroid forma t i on . Such a diet 

c auses a 'brown bowel syndrome ' -type a ccumulation of l ipopigment in 

t he smooth muscle of the small intest ine of dogs (Cordes and Mosher 

1 9 6 6 ) . The s ame k i n d  of diet h a s  b e e n  s ho w n  to i n c r e a s e  t he 

fluorescence in lipids extracted f rom rat t i s sues by 

chloroform/methanol ( Reddy et al 1 9 7 3 )  . However it i s  doubtful that 

the fluorescence of the l ipid ext ract s rep resent s l ipopigment . The 
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emission maximum o f  l ipid ext racts reported by Reddy et a l  ( 1 9 7 3 )  i s  

not s imilar to those o f  lipopigments in situ ( Katz et al 1 9 8 4 ) , and 

it c annot be a s s umed fluores cent material ext racted f rom t i s s ue s  by 

chlo roform/methanol is derived f rom lipofuscin ( see earlier)  . 

G r a n u l e s  w i t h  t h e  m o rph o l ogy , f l u o r e s cence and h i s t o chemi s t ry o f  

ce r o i d  c a n  b e  i ndu ced in cel l s  in t i s s ue cul ture . Such granu l e s  

developed i n  mouse mac rophages cultured i n  t h e  presence of  emu l s i ons 

o f  l ipid and bovine s e rum albumin ( BSA) ( Ca rpenter et al 1 9 8 8 ) . The 

g r a n u l e s  f o r m e d  r a p i dl y  w h e n  t h e  l i p i d  u s e d w a s c o mp o s e d o f  

p o l y un s a t u ra t e d  f a t t y  a c i d  e s t e r s , b u t  di d not f o rm w h e n  m o n o -

unsaturated fatty acid esters we re used . Use of oxidi zed lipid to  

c reate the emul s i on accelerated the a ccumul ation o f  the granul e s , 

w h i l e  addition o f  f ree radi c a l  s cavenge rs had the opposite e f fect . 

Altering the proportion of protein in the emul sion had little e f fect . 

C a rpenter et  a l  ( 1 9 8 8 )  c o n c l uded t h a t  t he se re s u l t s  s uppo rt t he 

theory that ceroid i s  a product o f ,  and a ma rker for ,  lipid oxidation 

i n  vivo . The role o f  protein in ceroid fo rmation was cons i de red t o  

b e  non-speci f i c ,  pos s ibly that of  a 'vehicle ' for the lipid . 

Cultured human glial cel ls  accumulate l ipopigment in their lysosomes 

at a greater rate than glial cells in vivo , a di fference att ributed 

to the higher oxygen tension in vitro ( 2 0 %  c ompared to  3 to  4 %  o2 in 

brain t i s sue ) . Fluorescence of cultured glial cel l s  increased with 

increa sed oxygen tension and in the pre sence of Vitamin C and i ron . 

V i t a m i n  E a n d  s e l e n i u m ,  o r  r e du c e d  g l u t a t h i o n e , r e du c e d  t he 

devel opment o f  a u t o f luore s cence . Thaw et al ( 1 9 8 4 )  concluded that 

' Th i s  s uppor t s  the t he s i s  t hat l ipo f u s cin is de rived from cellul a r  

l ipid pe roxidat i o n  p roduct s '  . Howev e r  they di d not c o nc l u s i ve l y  

demonst rate that t he fluore scence mea s u red was a n  accurate mea sure o f  

t h e  l i p o p i gme n t  p r e s e n t . F u r t h e r m o r e  t h e s t r u c t u r e s  o f  t h e  

l ipopigment s produced i n  vit ro by Thaw e t  a l  ( 1 9 8 4 )  and Carpent e r  et 

al ( 1 9 8 8 )  have not been defined . 

Ceroid accumulates within macrophages a s sociated with t i s s ue necrosis  

i n  the human brain ( Sch roder 1 9 8 0 ) . Ano t he r  l ipopigment , t e rmed 

haemoceroid, a l s o  forms rapidly in necrotic human brain t i s sue in the 

p r e s e n c e  o f  c e r e b r a l  h a e m o r r h a g e . H a e m o c e r o i d  g r a n u l e s  a re 
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di s t i n gu i s hed f r om c e r o i d  b y  t h e i r  g r e a t e r  s i z e ,  mo re i n t e n s e  

aut o f l uores cence , a n d  b y  di f ferences i n  a f f i ni ty f o r  a variety o f  

s t ai n s , a n d  the f a c t  t hat they appa rently develop ext race l l u l a r l y  

bef o re being taken u p  b y  macrophages ( Schroder and Reinart z 1 9 8 0 ) . 

I nduc t i o n  o f  hepa t i c  l ipopigment f o rma t i on has  been repo rted i n  

di s e a s e s  i n  whi c h  me t a l s  a re s t o red,  s u c h  a s  haemo s i de ro s i s  and 

Wil s on ' s di sease (El leder 1 9 8 1 ) Copper-associated protein granules 

demonst rated in human fetal l iver appea r  to  be identical to  Schmorl s -

po s i t ive l ipofu s c i n  g ranules i n  serial  s e c t i ons . Ne ither type o f  

granule i s  obs e rved i n  l ive r s  o f  chi ldren over s i x  months o f  age 

( Fuller et al 1 9 9 0 ) . 

A number o f  experiment al and pathological conditions exist i n  which 

the format ion of l ipopigment appears to  be att ributable to defect ive 

protein metabol i sm rather t han peroxidation of lipids . Lipopigment 

a c cumu l a t i on h a s  been induced in v a r i o u s  t i s sues o f  expe riment a l  

animals by the administration o f  inhibitors of  lysosomal proteinase s ,  

such as  leupepti n ,  a n  inhibitor of  cystine proteases and some se rine 

proteases . Infusion of  leupept in into the l ateral vent ricle o f  rat s 

causes the rapid accumul ation of  l ipofuscin-like granules in neurones 

( I vy et al 1 9 8 4 ) . The l eupept i n - i nduced pi gment e xh i b i t s  s imi l a r 

morphol ogy and histochemi s t ry as  brain l ipofuscin, and i s  a s sociated 

w i t h  a d r ama t i c  i n c re a s e in t he l eve l of do l i ch o l s ,  l o n g - c h a i n  

pol y i s oprenols  a s sociated with the lysosoma l membrane ( Ivy and Gurd 

1 9 8  8 )  . I nt r a v i t r e a l  i n j e c t i o n o f  l e upept in r e s u l t s  i n  a r a p i d  

a c c umul at i on o f  f l u o res cent inc l u s i ons i n  t he rat r e t i n a l  pigmen t  

e p i t h e l i um ( Ka t z and S h a n ke r 1 9 8 9 ) . I nt raper i t one a l  i n f u s i o n  o f  

c y s t i ne p ro t e a s e  i nh ib i t o r s  i nduces l i p o p i gment a c c umul a t i on i n  

l iver,  kidney, and to  a l e s s e r  degree pancre a s ,  spleen , and lung o f  

young rats and mice ( Ivy e t  al 1 9 9 0 ) . The ef fect of leupeptin can be 

dupl i c a ted by s u b s t i t ut ing E - 6 4 C ,  spec i f i c ally a c y s t i ne protea s e  

inhibi t o r ,  but n o t  b y  u s i ng aprot i ni n ,  a serine protease i nhibitor 

( Ivy et a l  1 9 9 0 )  . 

Another example o f  expe rimental lipopigment format ion in vivo which 

appears t o  involve p rotein metabol ism rather than l ipid metabo l i sm i s  

t h a t  r e p o r t e d  b y  S h a rma a nd Ma n o c h a  ( 1 9 7 7 ) . T h e y  f o u n d  t h a t  
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1 ip o p i gment c o u l d  b e  i nduced i n  the c e r e b r a l  neu r o n e s  o f  f o e t a l  

squi r rel monkeys b y  mai ntaining the dams on a protein-deficient diet 

through mo st of ge s t at i on . D i st u rbance o f  p rotein turnove r may be 

involved in t he devel opment of this  l ipopigment , which showed the 

mo rphol ogi cal and h i s t ochemi c a l  charact e ri s t i cs  o f  l ipo fuscin , and 

con t ained lysosomal enzymes . Rehabi litation o f  the squirrel monkeys 

to a protein-s ufficient diet resulted in a decrease in the quant i ty 

o f  l i p o p i gme n t  i n  t he ne u r o n e s  w i t h  a c o n c u r r e n t  i n c re a s e  i n  

l i p opigment i n  perine uronal g l i a l  ce l l s  ( Ma nocha and Sha rma 1 9 7 7 ) , 

whi c h  support s the conclusi on of  Glees ( 1 9 8 7 )  that mic roglial cel l s  

can take u p  l ipofuscin granules from ce rebral neurones ( see above ) . 

Lipopigments a l s o  occur in two type s o f  genetic di sease,  the ceroid­

l i p o fuscinoses and Chedi a k -Higashi syndrome ,  and in both cases a re 

a s s o c i ated w i t h  abno rma l i t i e s  in protein metabolism . The group of 

di seases te rmed the ceroid-l ipofu scinoses are reces sively inherited 

di s ea se s  a f fecting chi ldren and some anima l  species , which lead to  

b l i ndne s s ,  deme nt i a ,  sei zure s ,  idi ocy , a nd premat u re de ath ( Zeman 

1 9 7 6 )  . They a re dist ingui shed from each other principally by age of  

ons et . I n  these diseases , l a rge quant ities o f  lipopigment accumul ate 

i n  t he l y s o s ome s o f  n e u r o n e s  and a w i de range of o t h e r  c e l l s . 

Consequently the ce roid-lipofuscinoses have been rega rded as  mode l s  

f o r  a g i n g  a n d  l i p o f u s c i n f o rma t i o n  ( A rms t r o n g  e t  a l  1 9 8 3 ) . 

App roximately two-thi rds of  the ma ss of  l ipopigment granules i s ol ated 

f r om s h e e p  a f f e c t e d  by c e r o i d - l i p o f u s c i n o s i s  i s  p r o t e i n . The 

principal protein stored, accounting for at least 5 0 %  o f  the mas s  of 

t h e l i p o p i gme n t , i s  t h e  DCCD b i nd i n g  p r o t e o l i p i d  s ubun i t  c o f  

mitochondrial ATP synthase ( Palmer et a l  1 9 8 9 ,  1 9 9 0 )  Thi s protei n ,  

w h i c h  i s  c omp l e t e  a nd appa rent ly unmodi f i ed, c a n  b e  ext racted i n  

c h l o r o f o rm : me t h a n o l  2 : 1 / 1 0 0  mM ammon i um a cetate a n d  i s  t here f o re 

c l a s sed as a p roteolipid ( Folch and Lees 1 9 51 ) . The geneti c  les ion 

i n  c e r o i d - l i p o f u s c i n o s i s  p r o b a b l y  r e l a t e s  t o  a de f e c t  in t h e  

degradative pathway of this protein ( Pa lmer et a l  1 9 9 0 ,  Fea rnley et 

a l  1 9 9 0 ) . 

C h e d i a k - H i g a s h i  s y n d r ome i s  a n  a u t o s oma l r e c e s s i v e  d i s e a s e  

characteri zed by partial albinism, suscept ibility t o  infect i ons , and 

t he presence in many c e l l  types o f  e n l a rged, g ra nu l a r ,  anoma lous 
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The Beige mouse i s  

a n  a n imal model o f  t hi s  di s e a s e . B e i ge mi ce a c c umulate ma s s ive 

quan t i t i e s  of  lipopigment in hepatocyte s , renal t ubule cells , and 

splen i c  ma c r ophage s . Exoge n o u s  prot e i n  ( horseradi s h  peroxida s e ,  

administered intravenously ) cannot be demonst rated after 4 8  hours  in 

the lysosomes of  renal tubules of  normal mic e ,  but persists  for  up to  

5 days in the anomalous lys o s ome s o f  renal tubule s  in Beige mice . 

T h e  f i ndi ngs s u gge s t  t h a t , i n  B e i ge m i c e , t he s e  ly s o s ome s a re 

defect ive in degrading protein ( E s sner et al 1 9 7 4 ) . 

Theories of lipofuscin biogenesis 

T h e  m o s t  c ommo nly a dv a n c e d  h y p o t h e s i s  f o r  t h e  b i o g e ne s i s  o f  

li p o f u s c i n  i s  t h a t  i t  rep resent s a n  endp roduct o f  f ree radic al­

i nduced intracellula r peroxida t i on o f  memb rane lipids ( Dolman and 

Ma cleod 1 9 8 1 ,  Lippma n 1 9 8 3 ,  Nakano et al 1 9 8 9 ) . Thi s hypothe s i s  

re s t s  o n  the propert ies , particula rly a u t o fluo res cence , which a re 

shared by lipofuscin and ceroid, whi ch i s  widely held to  be a product 

of pe roxidi sed lipids . By analogy , t h i s  presumed genesis  of ce roid 

has been ascribed to  lipofuscin . 

The f ree radi c als a re thought to  be gene rated by va rious biological 

p rocesses . The initial step is  believed to  be the react ion of  salt s 

o f  t r a n s i t i o n  me t a ls s u c h  a s  i r o n , c o ppe r ,  a n d  manga n e s e  w i t h  

hydrogen peroxide t o  gene rate the hydroxyl radical, believed t o  be 

the mo st damaging molecule ( Halliwell 1 9 8 1 ,  Halliwell and Gutteridge 

1 9 8 5 ) . 

The ma j o r  source of  hydrogen pe roxide i s  the respi ratory chain o f  the 

mi t o chondrial i nne r memb rane ( Lippman 1 9 8 3 ) , although i t  i s  also 

p roduced from the s uperoxide anion by supe roxide di smutase . Hydrogen 

p e r o x i de may i ni t i at e  a di re c t  l i p i d  pe roxida t i o n ,  b u t  i s  le s s  

reactive than the hydroxyl radical . P rotective mechani sms exi st to  

b re a k  hydrogen pe roxide down to  wat e r ,  but acco rdi ng t o  the f ree 

r a di c a l  t he o ry , t he s e  me c h a n i sms s ome t i me s f a i l ,  allowing t he 

generat ion o f  the hydroxyl radical ( Z s . -Nagy 1 9 8 8 ) . 

F re e  r a di c a l s , p a rt i c ul a rly h y d r o xyl r a d i c a l s , a re t hought t o  

i ni t i a t e  pe roxida t i on o f  t he uns a turated bonds o f  polyun s a t u r a t ed 
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f a t t y  a c i ds p r e s en t  a s  c omponent s o f  t he lipid b ilaye r o f  c ell 

memb ranes . T h i s  r e s ult s i n  the i ni t i a t i on of  a chain reaction in 

which lipid f ree radi cals a re formed . D i rect attack of  proteins by 

f ree radicals , particularly the hydroxyl radi cal, is  also believed t o  

o c c u r  ( Z s . -Nagy 1 9 8 8 ) . Although proteins damaged by f ree radicals 

and related oxidant s are generally more susceptible to intracellula r 

proteolysi s than nat ive p roteins , extens ively c ross -linked proteins 

exhibit increased re s i s t ance to  proteoly s i s . Oxi dat ively damaged 

proteins might undergo s uch c ro s s-linking if protein damage exceeds 

t h e  c apa c i ty o f  the prot e oly t i c  sys tems o f  the cell . T h i s  might 

occur during a pe riod of unusual oxidat ive stress,  or as  a result o f  

an age-related decline i n  proteolysis (Davies 1 9 8 8 )  

Malondi aldehyde , a n  end-p roduct o f  l ip i d  pe roxi dati on,  i s  h i ghly 

react ive and f o rms i rreve rsible c r o s s -lin k s  with t he f o rma t i o n  o f  

S c h i f f  b a s e p o lyme r s  w i t h  t h e ami n o  g r o u p s  o f  a v a r i e t y  o f  

mac romolecule s s uch as DNA , pho spholipids , and p roteins ( Ch i o  and 

T a ppel 1 9 6 9 a 1 9 6 9b ,  Zs . -Nagy 1 9 8 8 ) . The lipid peroxidation theory 

f o r  the origin of  lipo fuscin concludes with the accumulation in t he 

lysos ome of pe roxidi sed, polymeri zed residues of lipids and protein s ,  

w h i ch a re re s i st ant t o  degradation b y  lysosomal enzyme s ( B runk and 

C ollins 1 9 8 1 ,  Z s . -Nagy 1 9 8 8 ) . The re seems to  be' a gene ral a s s umption 

t hat pe roxida t ive damage occurs prior t o  t he autophagy of the lipid 

ma t e r i al into the lys o s ome ,  alt hough the literat u r e  is gener ally 

remarkably vague on the process by which f ree radi cals f rom t he inner 

mitochondrial membrane , against which protective enzymes a re found in 

t he cytosol, attack lipids in phospholipid membrane s . Alternat ively 

lipid pe roxidat ion may occur in the lys o s ome , which may lac k  many of 

t he antioxidat ive systems operating elsewhe re in the cell, and which 

may c o nt a i n  me t al s  s u c h  as Fe 2 + , w h i c h  a re c a t aly s t s  of lipid 

p e r o x i da t i o n  ( B ru n k  a n d  C olli n s  1 9 8 1 ) . The p roponent s o f  t he 

pe roxidation t h e o ry tend t o  mix these two mechanisms , but they a re 

exclusive ,  and have di f ferent consequences . 

Cells c o nt a i n p ro t e c t i ve me c h a n i sms a g a i n s t  oxygen - de r i ve d  f ree 

radi cals . S uperoxide di smut a s e  ( SOD ) remove s s uperoxide , although 

t h e  re a c t i o n  gene r a t e s  hydrogen pe r o x i de . A s c o rb a t e  c a n  remove 

s upe r o x i de a n d  t h e hydr o x yl r a di c a l ,  alt h o ugh a s c o rb a t e  a l s o  
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Hydrogen peroxide i s  removed by 

catalases and pe roxidases (Halliwell 1 9 8 1 ) . 

V i t a m i n  E i s  b e l i e v e d  t o  a c t  a s  a b i o l og i c a l  a nt i o x i da nt by 

ab s o rbing t he unp a i red f ree radi c a l  e l e c t ron thus p revent i n g  t he 

a u t o - o x i da t i v e  c h a i n  re a c t i on ( S a rt e r  a nd van de r Li nde 1 9 8 7 ) . 

Other free radical scavenge rs include carotenoids , ascorbic acid,  and 

glutathione ( Ha l l iwell and Gutte ridge 1 9 8 5 )  . The l ipid f ree radi cal 

c a n  a l s o  be c onve rted by an alternate p a t hway to  a hydrope roxide ,  

w h i c h  c a n  b e  c o n v e r t e d  t o  h a rml e s s  hydroxy f a t t y  a c i d  i n  the 

presence of glutathi one peroxidase (Donato 1 9 8 1 ) . 

V a r i o u s  i n  v i t r o m o de l s  o f  ' l i p o p i gm e n t ' r e s u l t i ng f r om l i p i d  

pe roxidation have been devi sed . Mal ondialdehyde has been shown to  

react readily in vitro with amino group-containing compounds t o  form 

h i ghly fluores cent conj ugated Schi f f  b a se s . I t  h a s  been a s s e rted 

that the fluorescence of lipofuscin i s  i ndicat ive of  the presence of  

Schi f f  bases ( Chio and Tappel 1 9 6 9a , b , Z s . -Nagy 1 9 8 8 ) . 

reaction of mal ondi aldehyde with proteins p roduces 1 , 4 -

dihydropyridine- 3 , 5 -dicarbaldehyde s ,  with fluorescence 

The in vitro 

cha ract eri s t i c s  ' s imi l a r  but not a lways t he same as ' those o f  age-

rel ated fluo re scent subst ances ( Kikugawa and Beppu 1 9 8 7 ) . 

The in v i t ro reaction o f  l ipid pe rox i dation i nt e rmedi ates with 

proteins give s rise to  crosslinked polyme rs with st rong fluore s cent 

p rope rt i e s , w h i c h  a re i n s o luble in a v a r iety of orga n i c  s o lvent s 

( Chio and Tappel 1 9 6 9a , b , Shimasaki et a l  1 9 8 2 ) . Although Shima saki 

et al ( 1 9 8 2 ) c l a i m  that their studies ' i ndi cate t h at most of t he 

l ipofuscin substances are oxidi zed fat bound tight ly to  protein ' ,  the 

excitation and emi s sion spectra for these substances a re not s i mi lar 

t o  those of l ipofuscin and ceroid in situ as measured by Kat z et al 

( 1 9 8 4 )  . 

Copper and i ron cat alyze auto-oxidation in phosphol ipid membranes and 

f a t t y  a c i ds i n  v i t r o  ( G u t t e r i dge 1 9 8 4 ) . H o w e v e r ,  c e l l s  h a ve 

mechani sms to  maintain the free ions of  metals at a lmost undetectable 

leve l s ,  and t he role of  metal ions in l ipopigment format i on has not 

been demonst rated under physiological conditions ( P o rta 1 9 8 7 )  . 
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T h e  l i p i d  p e r o x i d a t i o n t he o ry o f  l i po f u s c i n  f o rm a t i o n  i s  n o t  

u n i ve r s a l l y  a c cept e d ,  a n d  many o f  t h e  re a c t i ons i nv o l ved rema i n  

purely t heoretical . Attempt s to detect ' oxygen-cent red' radical s ,  by 

e l e c t ron spin resonance , in cel l s  cultured f rom a dog with ceroid­

l ipo fuscinosis were not success ful (Vistnes et al 1 9 8 3 ) . No-one has 

c o n c l u s i v e l y  i de n t i f i e d  a c o n j u g a t e d  S c h i f f  b a s e  w i t h  t h e  

c h a r a c t e r i s t i c  f l uo re s c e n c e  o f  l i p o fu s c i n , o r  demo n s t r a t e d  t he 

p r e s en c e  o f  ma l o ndi a l dehyde i n  c h l o r o f o rm-me t h a n o l  e x t r a c t s  o f  

b i o l ogi c a l  t i s s ue ( B r i z zee and Ordy 1 9 8 1 ) . The extent o f  l ipid 

peroxidat ion has been inferred by using the thiobarbituric acid ( TBA) 

t e s t  t o  mea s u re ma l ondi a l dehyde p roduct ion ( Donat o 1 9 8 1 )  Howeve r 

t he TBA t e s t  i s  not spec i f i c  f o r  ma l ondi a l dehyde , a nd mea s u ring 

mal ondi a l dehyde in oxidized lipids by alternat ive met hods has shown 

t h a t  t he T BA t e s t  give s g ro s s  ove r e s t i ma t e s  o f  ma l ondi a l dehyde 

p r o du c t i o n  ( G ut t e r i dge 1 9 8 7 ,  K i k u g a w a  e t  a l  1 9 8 8 ,  J a n e r o  a nd 

Burgha rdt 1 9 8 8 ,  Yoden and I io 1 9 8 9 ,  Ko sugi et al 1 9 9 0 )  . 

I n t e rmediates  of  l ip i d  pe rox i dat i on such a s  lipid pe roxides have 

neve r b e e n  de t e c t e d  i n  f re s h l y  prepa red t i s s u e s  f r om undamaged 

organi sms . The re is a lack of di rect expe riment a l  evidence that 

l ipid pe roxidation occurs in healthy anima l s ,  or that the rate and 

extent of  l ipid pe roxidation increases in Vitamin E-defi cient anima l s  

( Donato 1 9 8 1 ) . Chronic parenteral admini st rat ion of  l a rge doses of  

Vitami n E does not ame liorate the pathological effects on the liver 

of i ron ove rload in rat s ,  although these e f fect s a re att ributed to 

pe roxidat ive damage t o  membrane pho sphol i pi ds ( Bacon et a l  1 9 8 9 )  . 

The f l u o re scence s pect ra of  l ipofuscin a re not simi l a r  to those of  

malondialdehyde reaction product s ,  or  those of Schi f f  bases ( Eldred 

1 9 8 7 ) . Although the enzyme glutathione pe roxida se i s  a l leged t o  be 

an imp o rt a nt de f e n c e  a g a i n s t  a u t o - ox i d a t i ve c h a i n  r e a c t i o n s  i n  

memb ra ne l ipids ( Donato 1 9 8 1 ) , n o  delete rious phenotypic effect i s  

observed i n  people who a re homo z ygous f o r  a gene t h a t  c au s e s  l o w  

g l ut a t h i one perox i d a s e  a ct iv i t y . Appr ox imat ely 3 0 %  o f  people o f  

Jewi s h  ance s t ry ,  a nd s imi l a r  p roport i o n s  i n  o t h e r Medi t e r r a n e a n  

race s ,  a re homo zygote s ,  in whom glutathione peroxidase activity i s  

only h a l f  that considered 'normal ' ( Beutler 1 9 7 9 ) . Long-term dietary 

s upplement ation w i t h  v i t amin E doe s  not dec re a se the f o rma t i o n  o f  
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l i p o f u s c i n  i n  ra t s ,  r e g a r d l e s s  o f  whe t h e r  t he d i e t a ry f a t  i s  

s aturated o r  unsaturated ( P ort a 1 9 8 7 ) . 

Age pigment and the aging process 

T h i s c e n t u ry h a s  s e e n  a ma r k e d  i n c re a s e  in l i fe expe c t a n c y  in 

deve l oped c ount ri e s . F u rthe rmo re there i s  a tendency in We s t e rn 

culture to view aging a s  a pathol ogical proce s s  to  be avoided i f  at 

a l l  pos s ible . As a consequence of these factors , ge rontology ,  or  the 

study o f  aging, has att racted increas ing attent i on in recent decades . 

N ume r o u s  t h e o r i e s  o f  a g i n g  h a ve b e e n  p r o p o s e d ,  i n c r i mi n a t i ng 

virtually eve ry type of  biol ogical molecule , and mo st body systems . 

One st rongly advanced t he o ry propo ses that aging occurs as  a re sult 

of l ip i d  pe roxidation as de s c ribed above , and that the age pigment 

formed is a ma rke r of this  p rocess  (Harman 1 9 8 4 ,  1 9 8 7 ,  1 9 8 8 ) . Since 

l i p o f u s c i n  i s  c o n s i de r e d  t o  be o n e  o f  t he mo s t  c o n s i s t ent and 

characteristic signs of  cellular senescence (Dolman and Macleod 1 9 8 1 ,  

H a rman 1 9 8 7 ,  Porta 1 9 8 7 ) , and i s  believed t o  be the product o f  free 

r a di c a l - i nduced lipid peroxidat i o n ,  accumulation of age pigment i s  

c o n s i de r e d  t o  be s t r o ng ev idence f o r  t h i s  t he o ry ( Go rdon 1 9 7 4 , 

L i ppman 1 9 8 3 ,  H a rm a n  1 9 8 7 ) . I t  i s  s ugge s t e d  t h a t  p r o t e c t i v e  

mechani sms in the cell can c ope with most but not a l l  of  free radical 

g e n e r a t i o n  a nd so dama ge o c c u r s  a t  a low r a t e  ( H a l l i we l l  a n d  

Gutte ridge 1 9 8 5 )  . Ha rman goes so far as to say t hat ' T oday it seems 

very likely that the a s s umpt ion that the re is a basic cause of aging 

is correct and that the s um of  the deleterious free radical rea ct ions 

going on cont inuously throughout the cel l s  and t i s sues is t he aging 

p rocess or a ma j o r  cont ribut or to  i t '  ( Harman 1 9 8 4 ) . 

Vari ous means by whi ch l ipid peroxidation could a f fect cell funct ion 

a re p ropo sed . Lipid pe roxidation i s  bel ieved to  dec rease membrane 

fluidity and to increase membrane permeab i l i ty . Aldehydes produced 

by l ip i d  peroxida t i o n  c a n  react w i t h  - S H  g r o up s , c a u s i ng c r o s s -

l in king both within a n d  between p roteins . In consequence,  enzymes 

r e qu i r i n g  -NH 2 o r  - S H  g r o ups t o  be a c t i ve mi ght be i n a ct i v a t e d  

( Ha lliwell and Gutteridge 1 9 8 5 ) . The signi f i cance of such damage t o  

memb r a n e s  and pro t e i n s  w o u l d  o f  c o u r s e  depend on w h e t h e r  l ip i d  

p e r ox i da t i o n o c c u r s  b e f o re o r  a f t e r  t h e  s u b s t r a t e  e n t e r s  t h e  

lysosomal system .  
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An i n c re a s e  in s upe rox ide gene r a t ion w i t h  a ge , a n d  a c oncurrent 

de c r e a s e  in endogen o u s  an t i ox i da n t s , h av e  been demo n s t r a t e d  i n  

h o u s e f l i e s  by S o h a l  ( 1 9 8 8 ) . R e du c i n g t h e me t a b o l i c  r a t e  o f  

house f l ie s ,  by such methods a s  p revent ing flying and reduci ng the 

ambient t empe rature , re sul t s  i n  s igni f i cant p rolongat i on o f  t he i r  

l i fespan . I ncreasing the met abol i c  rate of  houseflies shortens t he i r  

l i f e s p a n , i n c r e a s e s  t h e  a c c u mu l a t i o n o f  ' c h l o r o f o rm - s o l ub l e  

l i po f u s c i n - l i ke ma t e r i a l ' ,  a n d  i n c re a s e s  t he c o n c e n t r a t i o n s  o f  

hydrogen pe roxide , oxidi zed glutathione , and TEA- rea c tive mate rial . 

The rate o f  exhal at ion of n -pentane , bel ieved to be a n  indicator o f  

i n  vivo l ipid peroxidation, i s  a l s o  increa sed . A co r relat ion between 

metabo l i c  rate,  int racellular oxidative s t re s s  and rate of aging i s  

the re f o re surmi sed . Whi le there is  no expe rimental informat ion on 

the e f fect of met abol i c  rate on l i fespan in homeotherms , an inve rse 

rel a t i on s h ip between met abo l i c  rate and l i fespan e x i s t s  in non­

p r i ma t e  mamma l i a n spe c i e s , and h i b e rn a t i o n pr o l o n g s  t he l i fe o f  

Turki s h  hamster s ( S ohal 1 9 8 8 ) . H oweve r i t  i s  que s t i onable whet he r 

l i p o f u s c i n  f o u nd i n  mamma l i a n ce l l s ,  w h i c h  i s  n o t  s o l ub l e  i n  

chl o ro f o rm (Elleder 1 9 8 1 ) , i s  compa rable to  the ' chloroform-soluble 

l ip o f u s c in - l i ke mat e ri a l ' and there f o re a ma rker of ' int racel lular 

oxidat ive stre s s '  . 

Although there is a lack of  di rect evidence that lipid peroxidation 

o c c u r s  i n  hea l t hy anima l s  ( Dona t o  1 9 8 1 ) , Gordon ( 1 9 7 4 )  a rgues that 

failure to demonst rate lipid pe roxides in vivo in healthy or  Vit amin 

E -deficient animals is not cont radictory of the f ree radical theory 

be c a u s e  l ipid pe roxi de s  h ave a great t e ndency t o  p rogre s s  beyond 

thei r ' active forms ' to endproduct s ;  speci fically age pigment . 

H a rma n ( 1 9 8 4 )  found t h a t  ' di e t a ry me a s u r e s  de s i gned t o  de c re a s e  

endogenous f ree radi cal rea c t i o n  leve l s  i n  mice tended to increase 

the ave rage l i fe expectancy by as  much as  2 0 %  to 3 0 % ,  but had l i ttle , 

i f  a ny ,  effect on maximum l i fe span' . Whether these findings actually 

s upport t he theory i s  que s t i onabl e ;  i f  lipid pe roxidation i s  ' the 

aging process or  a ma j o r  cont ributor to  it ' ,  an i nc rease in maximum 

l i fe span should be observed . Other attempts have been made to  modi fy 

the li fespan of animals and of cells in culture by t he admini st ration 
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of  antioxidant s ,  and results have been ext remely variable ( Ha l l iwell 

1 9 8 1 ,  Wolman 1 9 8 1 ) . 

L i p o p i gme n t  i n du c e d  i n  n e r v e  c e l l s  o f  y o u ng r a t s  b y  v a r i o u s  

t reatment s including hypoxia,  Vitamin E de fic iency , and 

admi ni st r a t i on of v a ri ou s  chemi c a l s , rema i n s  for t he r e s t  of the 

l ive s o f  t he rat s ,  but the rat s l ive a no rmal lifespan ( S ulkin and 

S revani j 1 9 6 0 ) . I f  age pigment and ceroid are both products of  lipid 

peroxidat ion , a ccumulation of  l ipopigment i n  these young rats would 

be i ndi c a t ive t hat a l a rge amount of lipid pe roxida t i o n  had t aken 

place . The f a c t  t h a t  the rat s l ive a norma l l i fespan a ppea rs t o  

r e f u t e  t h e i de a  t h a t  ' t he s um o f  t he de l e t e r i o u s  f re e  r a di c a l  

re a c t i o n s  . . . [ i s ]  t h e  aging pro c e s s  o r  a ma j o r  cont ribut o r  t o  it ' 

( Ha rman 1 9 8 4 )  . 

F re e  r a d i c a l  rea c t i o ns have b e e n  imp l i c a t e d  in a t he r o s c l e r o s i s  

( H a rman 1 9 8 4 ) and i n  s ome f o rms o f  cance r ( Swart z 1 9 8 4 ) . P ry o r  

( 1 9 8 4 )  holds t he view that ' Radi c a l s  do not a f fect the genet ically-

determi ned maximum l i fespan f o r  each spec i e s , but radic a l -medi ated 

re a c t i o n s  c on t ribute important ly to  those disea s e s  t h a t  a re mo st 

important i n  dete rmi ning the extent to which a populat i on l ive s to  

i t s  max i mum l i fe sp a n ' . Age - re l a t e d  di s e a s e s ,  howeve r ,  mu s t  be 

di s t i ng u i s hed f rom t he aging p r o c e s s  ( B r ody and S c hn e i de r  1 9 8 6 ,  

Ma soro 1 9 8 7 ) . 

Other theories of aging 

Many theories exi st which att ribute aging to accident a l  alterati ons 

in nucleic acids . For example the somat ic mut ation theory postulates 

that random spont aneous mut ations dest roy genes (Curt i s  1 9 6 6 ,  Kanungo 

1 9  8 0 )  . An o t he r  examp l e  i s  t h e  e r r o r - c a t a s t r ophe t he o ry ,  w h i c h  

propo s e s  t h a t  e r r o rs  i n  t ra n s c r i p t i o n  a n d  t r a n s l a t i o n c a use t he 

a ccumu l a t i on of  de fect ive proteins ( O rgel 1 9 6 3 ,  Kanungo 1 9 8 0 )  . In  

yet a n o t h e r  theo ry , t he c r o s s - l i n k age t he o ry,  DNA is  i rrep a r ably 

damaged by react i ve molecules ( B j o rksten 1 9 7 4 ) , which include f ree 

radi c a l s  ( Hal liwell and Gutteridge 1 9 8 5 )  as well as a number of other 

biological molecules (Wal ford 1 9 6 9 ) . 
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Y e t  o t h e r  t he o r i e s  a t t r i bu t e  a g i ng t o  p r o g rammed r a t h e r  t h a n  

a c c i dent a l  event s ,  such a s  p rogrammed mitotic arrest ( Hayfl i c k  and 

Moorhe ad 1 9 6 1 , Gel fant and Grove 1 9 7 4 )  or programmed changes in the 

i s oenzymes o f  t ransfer RNAs and aminoacyl -tRNA synthetases ( Kanungo 

1 9 8 0 )  . 

Reported age- rel ated changes in DNA include dec reases in met hylat ion 

of  DNA (Eichhorn 1 9 8 3 )  and of histones ( Thakur and Kanungo 1 9 8 1 )  but 

the signi fi cance of t hese change s  is not clea r .  Mamma l i a n  DNA has 

not been shown to  be damaged, fragmented, less accurately t ransc ribed 

o r  l e s s  a c c u r a t e l y s y n t h e s i z e d  w i t h  a ge ( E i c hh o rn 1 9 8 3 ) . The 

ma j o rity of  studies indicate an age -relat ed dec rease in RNA synthe sis 

( Ri chardson et al 1 9 8 3 )  although there is  no evidence for any change 

in the regi ons of the genome t rans cribed (Eichho rn 1 9 8 3 ) . 

The aging process has also been att ributed to  change s in the immune 

s y s t em .  W a l f o rd ( 1 9 6 9 )  propo s e d  t h at aging re sult s f rom l o s s  o f  

immune s e l f - re c ogni t i o n  and t h u s  i n c re a s e d  auto immu n i t y . O t h e r  

resea rchers , however ,  have reported evidence that the immune system, 

particularly cell -medi ated immunity,  become s less active , rather than 

mo re act ive , w i t h  age ( E rshler 1 9 8 8 ,  Antonaci et al 1 9 8 7 ,  Bruley-

Ro s set et al 1 9 8 6 ) . The re i s  evidence that very long-l ived human 

individuals  a re those that demonstrate the least decrea se in immune 

response (Mu rasko et al 1 9 8 6 ) . 

Othe r the o ri e s  o f  aging that have been proposed include changes in 

i s oen zyme s , a c c i dent a l  or p rogr ammed l os s  of enzyme a c t ivity , and 

dec l ining endoc rine function ( Kanungo 1 9 8 0 ) . Senescence has  a l s o  

been att ributed t o  de fect ive calcium met abol i sm ( Selye and P ri o reschi 

1 9 6 0 ) , to  l owered oxygen tension in t i s sues ( McFarland 1 9 6 3 ) , and to  

det riment a l  e f fects upon c i rculation a nd ext racellul a r  di f fusion o f  

an age-re l ated i ncrease i n  the sti f fnes s  of collagen ( Shock 1 97 4 ) . 

Of the change s demonst rated to  occur with aging,  changes in enzymes 

and othe r p r o t e i n s  a re w o rthy o f  di s cu s s i on ,  a s  di s t u rbances i n  

p r o t e i n  met ab o l i sm h ave been imp l i c a t ed i n  the f o rmat i o n  o f  s ome 

lipopigments . P roteins and protein metaboli sm unde rgo changes with 

age which may have s ome hithe rt o  unrecogni zed s i gni f i c a n c e  i n  the 

formation of  l ipofuscin . 
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A dec line in protein synthe s i s  with age has been reported in nume rous 

studie s ,  but since no consi s tent age - related change in t otal t i s s ue 

pro t e i n  content o c cu r s ,  t he rate o f  p r o t e i n  catab o l i sm mus t  a l s o  

dec line ( Richa rdson and Bi rchenall -Sparks 1 9 8 3 ,  Reznick e t  a l  1 9 8 5 )  . 

Age - rel ated changes i n  en zyme s have been extensively studied . The 

spe c i f i c  a c t i v i t y  o f  many , but not a l l , e n z yme s change s w i t h  age 

( Ka n ungo 1 9 8 0 ) . The cha nge i s  u s u a l l y  a de c re a s e  in a ct iv i t y . 

Enzymes also usually show an increased hea t  l ability and a di ffering 

response to  ant i se rum produced to the corresponding enzyme f ound in 

y o u n g  i n d i v i du a l s . O t h e r  p r op e r t i e s , p a r t i c u l a r l y  k i n e t i c  

properties , a re altered slightly i f  at a l l . The altered enzyme s do 

not show any change in net cha rge , N - and C-terminal re s i dues a re 

unchanged , and g r o s s  ami no acid compo s i t i on shows no di f f e rence s . 

Phosphorylat ion,  a cyl ation and methylat i on a re not involved . I t  i s  

concluded that t he alterations must t h e re f o re b e  conforma t i o n a l . 

Be c au s e  p rot e i n  s y n t he s i s  and deg r a da t i o n  be come s l owed i n  aged 

anima l s ,  enzymes remain longer in cel l s  before replacement , so i f  an 

enzyme were unstable it might become altered (Rothstein 1 9 8 3 , 1 9 8 5 )  . 

I n  s uppo rt o f  t hi s  hypot he s i s ,  Re z n i c k  e t  a l  ( 1 9 8 5 )  f o und t h a t  

ant ibodies prepared against purified rat renal maltase which h a d  been 

thoroughly denatured in vitro could rel iably identi fy inactive forms 

of mal t a s e  in senes cent c e l l s  but did not recogni ze act ive e n z yme 

fo rms . 

Glycation 

I t  has been known s ince 1 9 1 2  that reducing s ugars such as glucose can 

react with amino groups of  amino acids , leading to  the formation o f  

b rown cross-li nked pigment s .  These react ions were f i rst des cribed by 

Mai l l a rd in 1 9 1 2 ,  s o  the collect ive term for react ions of this  type 

i s  'Maillard reacti ons ' ( Ul ri ch et al , 1 9 8 5 ) . The fi rst step in this 

p rocess is nonenzymatic glycosylation ( glycation ) , but the chemi s t ry 

o f  the proces s  i s  not wel l  understood . Some pathological changes in 

diabetes ,  such a s  t hickening of glomerular basement membrane s ,  may be 

c aused by such glycat ion (Ga rlick et al 1 9 8 8 ) . Glycation i nc rea ses 

w i t h  age in vivo in long-l ived proteins s uch a s  lens proteins and 
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c o l l a gen ( P o ngor e t  a l  1 9 8 4 ) , a n d  appe a r s  t o  c a u s e  a ge - r e l a t e d  

c h a nge s i n  bone o s t eo c a l c i n  ( Gundberg a nd Ga l l op 1 9 8 5 ) , a nd l e n s  

c ry s t a l l i n  (Ul rich et a l  1 9 8 5 ) . Ulrich et a l  ( 1 9 8 5 )  i s o l ated and 

i de n t i f i e d  a f l u o re s c e nt c h romoph o re f rom b rowne d ,  c r o s s - l i n k e d  

polypeptide s  whi ch h a d  unde rgone Mai l l a rd re actions w i t h  glucose i n  

v i t ro . The i s o l ated c h r omophore i s  a furoyl furanyl imida zole and 

i t s  s t ructure suppo rt s t he hypot h e s i s  that it is de rived f rom the 

c ro s s  l i n k ing of ami n o  g r o ups by g l u c o s e . DNA can a l s o  unde rgo 

glycation in v i t ro when inc ubated with glucose and other redu c i ng 

s uga r s ,  giving rise to  stable glycation product s ( Krant z et al 1 9 8 6 ,  

Lee 1 9 8 7 )  . The cons equent damage t o  DNA may be t he c au s e  o f  the 

i nc rease i n  plasmid mutations obse rved when int racellular glucose 6 -

pho sphate levels a re experimenta l ly elevated i n  bacte ria ( Lee 1 9 8 7 )  

a s  well a s  the incre a sed f requency o f  congenital abnorma l i t i e s  i n  

children of  diabetic mothers ( Krant z et al 1 9 8 6 ) . The product s of  

Ma i l l a rd reactions s h a re many prope rt ies with lipofuscin i . e .  they 

a re brown , fluorescent unde r ult raviolet light , cont ain protein,  and 

accumulate with age . Howeve r,  researchers st udying lipofuscin have 

n o t  exp l o red t he p o s s i b i l i ty t h a t  l i po f u s c i n  c o u l d  be c aused by 

none zymatic glycation, rather than l ipid peroxidation . 

Concluding comments 

P o r t a  ( 1 9 8 7 )  s t a t e s : ' Wh i l e  t h e re i s  no di rect i n  vivo evidence 

demonstrat ing a link between free radical initiated l ipoperoxidation 

and l ip o f u s c i n  f o rma t i on and a c cumul a t i o n ,  all t he r e s u l t s  of i n  

v i t ro a n d  i n  v ivo s t udi e s  on c e r o i dogene s i s  s t rongly s ugge s t  by 

a n a l ogy that l ipofu s c i n  i s  a peroxidat ion product of cell membrane 

l ipids . '  The point t hat this theory rests on analogy is  an important 

one . Lipopigments a re c l a s s i fied as  such on the ba si s o f  observed 

histochemical , morphologi c a l ,  and fluorescent prope rties rather than 

any demo n s t rated simi l a ri t ies in chemi c a l  c ompo s i t i o n . Extens i ve 

theoreti cal ext rapola t i ons have been used to  explain the accumulation 

of  lipo fuscin and a l s o  to  develop an ent i re theory of  aging for which 

that phenomenon is  rega rded as important evidence . However the re i s  

no di rect evidence that peroxidation of  l ipids i s  a prima ry cause of  

l ipofuscin formation , o r  i s  involved at a l l . The properties by which 

l ipopigment s a re rec ogni zed do not nece s s a rily indicate that they a re 
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composed principally of  l ipid; indeed, some a re clea rly not derived 

f rom l ipid . The ' lipopigment ' stored in ovine ceroid l ipofus cinosis  

i s  principally an identi fied p rotein, subunit c of mit ochondrial ATP 

synt ha s e ,  t he c a t a bo l i sm o f  which i s  app a rently de f e c t i ve in the 

di sease (Palmer et al 1 9 8 9 , 1 9 9 0 ,  Fea rnley et a l  1 9 9 0 ) . Derangement 

of protein met abolism i s  a l s o  implicated in other l ipopigment s : the 

p r o t e i n -de f i c iency l ipopigment induced i n  squ i rrel monkeys ( Sharma 

a n d  Manocha 1 9 7 7 ) , t he l i popigment o c c u r r i n g  in the Beige mouse 

( E s sner et a l  1 9 7 4 ) and t he lipopigment induced by t he administ rat ion 

o f  i nhibi t o r s  o f  lys o s omal en zyme s ( I vy and Gurd 1 9 8 8 ,  Ivy et al 

1 9 9 0 ) . The induct ion of an l ipofuscin-like l ipopigment in mammalian 

t i s s ue s  by the admini s t ration of leupept i n  or E - 6 4 C  may be evidence 

t h a t t he me c h a n i s m  o f  l i p o f u s c i n  f o rmat i o n  i n v o l v e s  pe rt u rbed 

a ct ivity of  cyst ine proteinase ( Ivy and Gurd 1 9 8 8 ,  Ivy et a l  1 9 9 0 )  . 

The p resence o f  l ipids o r  c arbohydrates could be due to f a i l ure of  

catabolism o f  proteins with which they we re a s s oci ated ( Ivy and Gurd 

1 9  8 8 )  . To  a t t ribute t he b i ogene s i s  o f  l i p o fus c i n  t o  de f e c t i ve 

p rotein metabolism is  therefore at least as valid an anal ogy as the 

l ipid peroxidat ion theory . 

T o  re s olve the confu s i o n ,  the st udy of  the 1 ipopigments mu st move 

beyond a n a l ogy b a s e d  o n  a few o b s e rved c h a r a ct e r i s t i c s , and t he 

results of nume rous pe ripheral expe riments designed to  support rathe r 

than to  test hypotheses . The near complete chemical analysis of  the 

l i p o p i gme n t  w h i c h  a c c u mu l a t e s  i n  o v i n e c e ro i d - l i p o f u s c i n o s i s  

demo n s t r a t e s  t h a t  l i popi gment s a re not nece s s a r i l y  i n s o l ub l e  o r  

po lyme r i z e d ,  a s  the l i t e rature o n  l ipofuscin assumes . In  o rde r to  

de te rmi ne whether the va r i o u s  l i popigments a re i ndeed rel a t ed in 

c ompo s i t i on and origi n ,  comprehens ive chemical analyses need to  be 

undertaken . To date,  very few such analyses have been attempted . In  

p a r t i c u l a r ,  the n a t u r e a n d o r i g i n  of  l i p o f u s c i n  c a n  only be 

di scovered from the analy s i s  of lipo fus cin,  rather than a s s umed from 

studies o f  other lipopigment s .  

Thi s the s i s  addresses these questions and focusses on the l ipofuscin 

found in the cells of  equine thyroid gl and . The horse was considered 

to be a better model f o r  human aging than the l aborat o ry rats and 

m i c e  c ommonly u s ed in s u c h  s t udi e s ,  be c a u s e  it h a s  t h e  l onge s t  
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potential l i fe span found among t he common domestic mamma l s ,  and the 

age at which adulthood i s  reached, b a s ed on s kelet a l  evidence,  i s  

well establi shed . O s s i fication o f  the l ast epiphyses to  c l o s e  in the 

horse , the secondary cent res of the pelvic bones ( i liac c rest , tube r 

coxae o f  i lium, ischi al tube rosity and acetabular part o f  pubi s )  i s  

c omp l e t e  b y  5 y e a r s  o f  a ge ( Ge t t y  1 9 7 5 ) . I n  t he h uman be i ng ,  

o s s i f i c a t i o n  o f  the s e  pelvi c cent res i s  inva riably complete by 2 3  

years o f  age ( Grant 1 9 7 2 )  . The horse may the refore be cons ide red to  

be a young a du l t  b y  5 ye a r s . I n  c o nt r a s t , it i s  d i f f i cu l t  t o  

i dent i fy t h e  beginni ng of  adu l t h o o d  i n  l ab o r at o ry r a t s a nd mi ce . 

Rat s  g r o w  a l mo s t  t h roughout l i fe ( D a w s o n  1 9 3 4 a ) , and f a i l u re o f  

epiphyseal union has been demonst rated i n  s t rains of laboratory rats 

( D a w s o n  1 9 2 9 ,  1 9 3 4 a ) , w i l d  r a t s  ( D a w s o n  1 9 3 4 b ) , and w h i t e  mi ce 

(Dawson 1 9 3 4 b )  . 

T he t h y r o i d  g l and w a s  c h o s e n  f o r  t he s t u dy a s  i t  i s  k n o w n  t o  

accumulate l ipopigment ( see next chapter) , i s  readi ly ava i l able , and 

has a wel l -defined function . I n  l ight of  earlier studies impli cating 

perturbat i on o f  protein metaboli sm in the bi ogenesis of  l ipopigments 

( E s sne r et a l  1 9 7 4 ,  Manocha and Sha rma 1 9 7 7 ,  Sharma and Manocha 1 9 7 7 ,  

Ivy and Gurd 1 9 8 8 ,  Ivy et al 1 9 9 0 ,  Palmer e t  al 1 9 8 9 , 1 9 9 0 ,  Fearnley 

et al 1 9 9 0 )  it was re a s oned t h a t  l i popi gment a c cumu l a t i on in t he 

t hyroid g l a nd might be re lated t o  the met abolism of  t hy roglobulin . 

The synt he s i s ,  secretion,  endocyt o s i s ,  and lyso somal c at abol i sm of 

t h y r o g l o b u l i n  i s  t h e  c e n t r a l  p r o c e s s  i n  t h y r o i d  f u n c t i o n . 
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CHAPTER 2 

THE THYROID GLAND : A REVIEW OF I TS GRO S S  AND MICROSCOPIC ANATOMY, 

PHYSIOLOGY, AND LIPOFUSCIN ACCUMULATION .  

Gross anatomy 

Human thy roid t i s s u e  forms a s i ngle gland composed o f  two l obes 

j oined by an i sthmus ( Tice 1 9 7 7 )  In cont rast , the adult horse has two 

s e p a r a t e  g l a nds , be c a u s e  the g l a ndu l a r  i s t hmus p re s e n t  i n  f o a l s  

at rophies t o  a thin st rand of  fibrous connective tis sue . The thyroid 

g l a nds of the h o r s e  a re ,  on  ave ra ge , 5 cm i n  lengt h ,  2 . 7  cm i n  

thicknes s ,  1 . 5  t o  2 cm i n  width,  and weigh 1 5  g each (Ven z ke 1 9 7 5 ) . 

Histology 

The func t i o n a l  u n i t  of the t h y r o i d  g l and i s  the f o l l i c l e , whi ch 

ranges in s i ze f rom 50 to  9 0 0  urn ( Ti ce 1 9 7 7 ) with a mean o f  2 0 0  urn 

(Doniach 1 9 7 8 ) E a ch f o l l i c l e  i s  made up of  a c o n t i n u o u s  s i ngle 

l ayer of thyrocytes ( t hyroid epithe l i al cel l s ) surrounding a central 

ext r a ce l l u l a r  p o o l  of c o l l o i d  ( F i g . 4 : 2 ) . Thy r oc yt e s  l i e  on a 

basement membrane under which is  an extensive capil la ry network ( T i ce 

1 9 7 7 )  . The height o f  normal human thyrocytes is 6 or  7 urn (Wol lrnan 

1 9 8 0 )  but ranges from 3 to 2 0  urn being in di rect propo rtion t o  the 

t hyroglobulin s ynthe s i s  and tu rnove r o f  the cel l s  ( Do n i a c h  1 9 7 8 ) . 

Thyrocyte s  a re norma l ly cuboidal with a basal nucleus but when the 

follicles a re inactive the thyrocyte s  tend to  become squamous and the 

ma s s  of  c o l l o i d  inc re a s e s . In hype r a c t i ve f o l l i c l e s  the ma s s  o f  

c o l l o i d  i s  sma l l  a n d  t he t h y r o c yt e s  a re c o l umn a r . C o n s i de rable 

variation in activity exi s t s  between follicles in the no rmal gland . 

Degene rat i ng cel l s  a re rarely seen , but mi totic figures may be seen 

in hyperact ive follicles (Ti ce 1 97 7 ) . 

C o l l o i d  e x h i b i t s  va ri able vi s c o s i t y  and may be p re sent a s  a gel 

( Wol lrnan 1 9 8 0 ) . Composed p rinc i p a l l y  o f  t hy rogl obu l i n ,  whi ch i s  a 

glycoprot e i n ,  colloid i s  posit ive t o  t he peri odi c acid- Schi f f  ( PAS ) 

stain ( Tice 1 9 7 7 ) , and exhibits va riable eosinophil i a  (Doniach 1 9 7 8 ) . 
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Alt hough usually homogeneous , i t  may contain cell debris and c a l cium 

o x a l a t e  c ry s t a l s . I n  h y p e r a c t i v e  t h y r o i d ,  e ry t h r o c y t e s  a re 

f re quent l y  f o u n d  i n  the c o l l o i d  ( W o l lman 1 9 8 0 ) . Concent r i c a l ly 

laminated PAS -posi tive st ructures , 5 - 7 0  urn in diamete r ,  may a l s o  be 

found in the colloid,  part icularly in ve ry active glands and in olde r  

animals ( Wol lman 1 9 8 0 ) . Berthezene and Gree r ( 1 9 7 4 ) have shown that 

t h e s e  s t r u c t u r e s ,  w h i c h  t he y  t e rm ' P s a mmoma b o d i e s ' ,  c o n t a i n  

t h y r o g l o bu l i n  w i t h  a l o we r i od o t hy r o n i n e c o n t e n t  t h a n  n o rma l 

thyroglobulin . P s ammoma bodi e s  may be rel a t ively i n a c ce s s ible t o  

c a t abo l i sm by t hy ro cyte s ,  bec a u se the s i ze o f  the st ructures makes 

endocyt osis di f fi cult (Berthe zene and Gree r 1 9 7 4 ) . 

Nor.ma1 thyroid u1trastructure 

T h e  a p i c a l  p l a s m a  memb r a n e o f  t h e  t h y r o c y t e  f o rms n ume r o u s  

mi c rovi l l i . At the apical end of the lateral pla sma memb rane there 

a re t i ght j un c t i ons between c e l l s  a s  des c ribed by Tice ( 1 9 7 7 ) , and 

j u s t  b a s a l  t o  t he s e ,  a r i n g  o f  de smo s ome s e n c i r c l e t h e  c e l l . 

I n t e rdi g i t a t i o n s  a n d  g a p  j u n c t i on s  a l s o  o c c u r b e t w e e n  a d j a cent 

t h y rocyt e s  (Wol lman 1 9 8 0 ) . The b a s a l  p l a sma memb rane i s  u s u a l l y  

smooth, but may b e  infolded i n  highly act ive gl ands (Wollman 1 9 8 0 ) . 

T h e  cel l nucleus  i s  oval w i t h  fine l y  g r a nul a r ,  p a rt i a l ly c l umped 

c h roma t i n  and a s i ngle nuc leolus . I nactive,  squamous cel l s  have a 

sma l l  nucleus with condensed chromat in (Doniach 1 9 7 8 ) . 

The t hy rocyte cytoplasm cont a i ns a wel l - o rgani zed Golgi appa ratus , 

d i stended c i s ternae of rough endoplasmi c ret iculum ( Ti ce 1 9 7 7 ) , and 

nume rous mit ochondr i a ,  f ree ribosomes , and lysosomes ( Doni ach 1 9 7 8 ) . 

T w o  lys osoma l popu l ations containing d i f f e rent proport ions of  acid 

h y d r o l a s e s  c a n be i s o l a t e d  by i s o p y c n i c  c e n t r i f u g a t i o n ,  a nd 

h i s t ochemi c a l  s t udies o f  t hyroid l y s o s ome s a l s o  indi cate lysosomal 

heterogeneity (van den Hove-Vandenbroucke 1 9 8 0 ) . 

Two kinds of  vesicle are found in the api cal cyt oplasm.  Exocytotic 

v e s i c l e s , w h i c h  t r a n s p o r t  newly s y n t he s i zed t hy ro g l o bu l i n  a re 

a pp roximat e l y  0 . 1 4 urn i n  diameter and have a ma t rix which u s ually 
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resembles c o l l o i d  ( Wollman 1 9 8 0 ) . Col l o i d  droplets , oval membrane­

bound organelles formed by mac ropinocyt o s i s  of luminal colloid ( Ti ce 

1 9 7 7 ) , a re much l a rger than exocytotic vesi c les , having a di ameter o f  

1 to  1 . 5  urn (Wollman 1 9 8 0 ) . Initially colloid droplets a re s l i ghtly 

more elect ron-dense than colloid, and a re a cid phosphatase-negat ive . 

Older droplets have a paler mat rix and a re a cid phosphatase-po s i t ive . 

F u s ion with l y s o s ome s i s  o c c a s i onally seen in elect ron mic rographs 

(Wollman 1 9 8 0 )  . 

Under no rmal condi t i ons 2 0  times more thyroglobulin i s  endocyt osed by 

mic ropinocyto s i s  than by mac ropinocyto s i s  i n  human thyroids ( van den 

Hove -Va ndenb r o u c k e  1 9 8 0 ) . Mi c r op i n o c y t o s i s  is performed t h rough 

small pits that develop in the apical membrane (Wollman 1 9 8 0 )  These 

form into mic ropinocytotic vesicles whic h  are round, 0 . 0 6 to 0 . 3  urn 

in di ameter, o ften coated, and have an elect ron-density simi l a r  t o ,  

o r  l e s s  than, that of  colloid ( van den Hove -Vandenbroucke 1 9 8 0 ) . 

Ma c r o p i n o c y t o s i s  i s  c a r r i e d  o ut by p s e u dopods o f  api c a l  p l a sma 

membrane which pro j ect into the folli cul a r  lumen, sequester coll oid, 

t hen fuse to  form a colloid dropl et which sinks into the cell ( Tice 

1 9 7 7 ) . Thi s p ro c e s s  c a n  be recogn i z e d  by l i ght mi c r o s copy a s  a 

s c a l l oped pattern at the periphery of  the colloid . This i ndi cates 

the presence of  ' c olloid vacuoles '  ( ' res o rpt ion vacuole s ' ) which are 

o ften l ined with membranous st rands or  membrane st ructures re sembling 

mic rovill i . I n  the human being, colloid vacuoles a re conside red to 

be a sign of  thyroid hyperactivity ( Ni l s s on et al 1 9 8 8 )  but they are 

normal in t he rat ( Lupulescu and Pet rovic i  1 9 6 8 ) . 

Thyroglobulin 

Thyroglobulin is a dime ric molecule (MW 6 0 0 , 0 0 0 )  with a sedimenta t ion 

coeffi cient of 1 9  S .  I t  is  made up o f  two identical 1 2  S s ubunits 

held togethe r by disulphide bonds and also noncovalent binding forces 

( De Nayer and Vas sa rt 1 9 8 0 ) . The dimeric 1 9  S molecule represent s 

9 0 %  o f  t he t o t a l  thy rogl obu l i n  i n  t h e  f o l l i c l e  l umen ,  w h i l e  the 

monomer represent s 7 - 1 0 %  (van den Hove -Vandenbroucke 1 9 8 0 ) . The 

numbe r o f  c ov a l e n t  b o nds bet w e e n  t h e  s u b un i t s  i n c r e a s e s  w i t h  
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i odinat ion (De Nayer and Vas s a rt 1 9 8 0 )  o f  tyrosine residue s ,  o f  which 

e a c h  s ubunit contains 67 ( Ma l thiery and Li s s i t z ky 1 9 8 7 ) P rima ry 

st ructures of bovine t hy rogl obul i n  ( Me r c ken et al 1 9 8 5 )  a nd human 

thy roglobulin (Malthiery and L i s s i t z ky 1 9 8 7 )  have been deduced f rom 

t he i r  c omp l ement a ry DNA . There i s  evidence t h a t  t he N t e rminal 

groups are blocked in the mature protein .  

Thyroglobul i n  i s  1 0 %  ca rbohydrate by weight . Two ma in ca rbohydrate 

side-chains , A and B, a re l inked to the polypeptide backbone through 

attachment to aspa ragine . Unit A (MW 1 , 8 0 0 ) contains N­

a c e t y l g l u c o s a mine a n d  m a n n o s e , a n d  U n i t  B ( MW 2 , 1 0 0  t o  3 , 3 0 0 )  

c ontains these two sugars and, in addition, N-acetylneuraminic acid, 

f u c o s e ,  and g a l a ct o s e . The ratio o f  A chains t o  B c h a i n s  va ries 

between specie s . A g a l a c t o s amine - ri c h  chain attached to  serine or  

t h reonine residues by a-glycosidic bonds has  been found in human and 

guinea pig thy roglobul in but not in bovine thyroglobul i n . A fourth 

unit ,  only detected in human thyroglobulin so far, contains repeated 

g l u cu roni c ac id-galact o s amine uni t s  a t t a ched to t he pep t i de cha in 

t h r ough a g a l a c t o s y l xy l o sy l - s e r i ne l i nkage ( De Naye r and Va s s a rt 

1 9 8 0 ) . 

A ft e r  be ing manu factured by poly ribo somes o f  the rough endopl asmic 

ret iculum,  thyrogl obu l i n  is pro c e s s ed t h rough t he Golgi appa ratus 

w h e r e  gl y c o s y l a t i o n t a k e s  p l a c e . I o d i de i s  i mp o r t e d  i n t o  t he 

t h y r o cyt e s  f r om p l a s ma by an e n e r gy - dependent pump i n g  p r o ce s s . 

I odination o f  thyrogl obu l i n  i s  ve ry rapid, and t a kes p l a c e  i n  the 

exocytotic vesicle s ,  by means of a peroxidase . Iodide i s  oxidised to  

i odine and then bound to  tyrosine re sidues o f  thyrogl obul in to  form 

monoiodotyrosine (MI T )  and di iodotyrosine ( D I T )  re s idue s . Oxidative 

c oupl ing o f  pairs of  D I T  molecules , with the ext rusion o f  an al anine 

m o l e c u l e , g i ve s r i s e  t o  t e t r a i o do t h y r o n i ne ( T 4 ,  o r  t hy r o x i ne ) 

p r e c u rs o r s . T r i i odothy r o n i ne ( T 3 )  p re c u r s o r s  a re f o rmed by the 

coupl ing of  MIT with D I T  (Doniach 1 9 7 8 )  . 

When expo rted into the coll oid, thyroglobulin ca rries t he lysosomal 

recognit i on marker manno s e - 6 -phosphate . I n  a number of  cell types 

t h i s  ma rker ope rat e s  as a s igna l f o r  t a rgeting new ly synthe s i sed 
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en zyme p r e c u r s o r s  t o  l y s o s ome s . I t  i s  not k nown w h y  t he n e w l y  

synt he s i sed t hyrogl obul in is  n o t  t ranspo rted di rectly to  lysosome s . 

Possibly a ma rker indicat ing that the protein i s  to be exported f rom 

the cel l  i s  also p resent and dominates the mannose-6-phosphate ma rker 

( Herzog et a l  1 9 8 7 )  . 

Thyroglobulin endocytosis and catabolism 

New l y  synt h e s i s e d  t hy r og l obul i n  mol e c u l e s  a re s e c re t ed i n t o  t he 

periphe ry o f  the f o l l i cle l umen a nd take seve ral hours t o  di f fuse , 

and a re the refore generally the f i rst to  be endocy t o sed . The more 

iodi n a t ed mo lecules a re prefe rent i a l ly endocyt osed ( v a n  den Hove­

Vandenbroucke 1 9 8 0 ) . 

Although mi c ropi n ocyt o s i s  i s  the ma j o r  mode of  endo c yt o s i s  under 

normal ci rcumstances (van den Hove -Vandenbroucke 1 9 8 0 ) , expe rimental 

man i pu l a t i on of t hy r o i d  a c t i v i t y  is pe r f o rme d u s i n g  i nt ravenous 

i n j e c t i o n o f  t hy r o i d  s t imu l a t i n g  ho rmone ( T S H )  w h i c h  s t i mu l a t e s  

mac ropinocytosi s . Pseudopods develop within 5 minute s  in response to 

the i n j ection . Colloid droplet s appear a fter about 1 0  minutes . They 

re a c h  a p e a k  o f  about f i ve p e r  c e l l  s e c t i on as seen by e l e ct ron 

mi c r o s c opy a f t e r  30 minut e s  and s l owly dis appear over 2 - 3  hours . 

P rima ry lysosomes cluster a round colloid droplets 5 - 1 0  minutes after 

t he d r op l e t s  f o rm ,  but f u s i o n  is r a re l y  obs e rv e d  in e l e c t r o n  

mi c rograph s ,  s uggesti ng that t h i s  is  a rapid proc e s s .  Fusion of  a 

colloid droplet and lysosomes c reates a phagolysosome . The hal f - l i fe 

o f  t h y r o g lobu l i n  i n s ide c o l l o i d  dr opl e t s  and p h a g o l y s o s ome s i s  

est imated t o  be 2 6  minutes ( van den Hove -Vandenbroucke 1 9 8 0 )  . 

Several i n  vivo and in vitro studies suggest that t hy roglobulin i s  

not completely catabolised i n  the thyroid gland . In  vitro hydrolysis 

of t hy roglobu l i n  by thy r o i d  l y s o soma l proteases is  never c omplete 

(van den H ove -Va ndenbroucke 1 9 8 0 ,  Tokuyama et a l  1 9 8 7 ) . En zyme s  

p r e p a r e d  f r om p u r i f i e d  p o r c i n e t hy r o i d  l y s o s ome s c a n  r e l e a s e  

i odoami no a c i ds very e f fectively f rom human and r a t  t hyrogl obul i n  

without degrading the ent i re molecule to  f ree amino acids ( To kuyama 

et al 1 9 8 7 ) , and four pept ide s  with molecul ar weight s of  less than 
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4 0 0 0  Daltons remain following proteoly s i s  by this method ( T okuyama et 

g 1 9 8 7 ) . Sma l l  pept i de s  a c c o u n t  f o r  4 0  t o  6 0 %  o f  t h e t o t a l  

degradat ion p roduct s o f  thyroglobul i n  i n  seconda ry lysosomes i n  the 

thyroi d  (Peake et al 1 97 0 ) . The susceptibi l ity of thyroglobul i n  to  

hydrolys is  by acid proteases in vitro i s  signi ficantly i nc re a sed by 

reduction of di sulphide bonds . This reduction may be a rate- l imiting 

step in thyroglobulin degradation in vivo (van den Hove-Vandenbroucke 

1 9 8 0 )  . 

T he t hy r o i d  h o rmo ne s ,  T 3  a n d  T 4 , a re p r e f e rent i a l l y  l i be r ated 

compa red t o  M I T  and DIT  (van den Hove-Vandenbroucke 1 9 8 0 ) . T 3  and T4  

di ffuse through t he basement membrane of  the cell  and the follicular 

basement membrane int o the peri fol l i cular capillaries . The iodine of  

M I T  a n d  D I T  is  removed by a de h a l o ge n a s e . Most i o d i de f r om 

c a t a boli s e d  t hy rogl obul in is c o n s e rved and re cycled . A t ra ce o f  

thyroglobul in ( 5  to 6 u g  per litre )  i s  present in the s erum of  over 

7 0 %  of huma n s . The level i s  r a i s e d  i n  hype rthyroidi sm a nd a ft e r  

administration o f  T S H  (Doniach 1 9 7 8 ) . 

Regulation of thyrocyte activity 

The activity o f  thy rocytes i s  medi ated through TSH sec reted by the 

pituitary gl and, which in turn is  stimul ated by the release o f  TSH­

releasing hormone ( TRH ) , from the hypot hal amus (Demee ster-Mi rkine and 

Dumont 1 9 8 0 )  . Elevated blood T3 and T4  leve l s  suppre s s  T S H  secretion 

w h i l e  i o d i n e de f i c i e n c y  and l o w  l e v e l s  o f  T3 a n d  T 4  s t i mu l a t e  

product ion . T S H  st imulates endocytos i s  of  colloid and synthe s i s  o f  

both thyroglobulin and thyrope roxidase . The action of  T S H  i s  rapid, 

although all follicles do not respond at the same rate ( Tice 1 9 7 7 ) . 

The progres sive rec ruitment of  thyrocytes with a gradually inc reas ing 

threshold f o r  respons ivene s s  t o  hormonal st imulation i s  thought to  

a l l ow a control led and flexible response o f  the gland a s  a whole . 

Evidence exi s t s  f o r  simi l a r  stepwi se rec rui tment in other endoc rine 

t i s sues ( Gerbe r et al 1 9 8 7 ) . 

T S H  sec retion in man exhibi t s  c i r cadian pe riodi c i t y ,  w i t h  maximum 

v a l ue s  f o u n d  du r i ng a n  ev e n i n g  p e a k  immedi a t e l y  b e f o r e s l e e p  
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( Condl i f fe a n d  Weint raub 1 9 7 9 ,  Deme e s t e r -Mirkine and Dumont 1 9 8 0 ) . 

I n  a ddi t i o n  t o  t h e  c i r c a d i a n  pe r i o di c i t y  t he re a re b r i e f ,  l o w  

amp l i t ude bu r s t s  o f  T S H  s e c r e t i o n  t h r o ughout the d a y  a n d  n i ght 

( Condl i f fe and Weint raub 1 9 7 9 ) , with a periodi city of  1 to 3 hours 

( Hershman et a l  1 9 7 6 ) . 

The membrane o f  exocytotic vesicles cont ributes to the a rea o f  apical 

p l a sma memb rane avai lable for the f o rma t i on o f  c o l l o i d  droplet s .  

Exocytosis o f  newly synthesi sed thyroglobulin precedes 

mac ropinocyt o s i s  of colloid, and the magnitude of t he cell  re sponse 

t o  T S H  i s  d i r e c t l y  re l a t ed to t h e p o o l  of exocyt ot i c  ve s i c l e s  

available i n  t he cell (van den Hove-Vandenbroucke 1 9 8 0 )  . 

T hy r o i d  hype rp l a s i a  c a n  be i n du c e d  i n  the mou s e  by a n  i od i n e ­

de f i c i ent di e t  o r  by t h e  u s e  o f  a g o i t rogen , s u c h  a s  p r o py l ­

t h i o u r a c i l  ( P TU ) , wh i c h  i nh i b i t s  i od i de o x i da t i on a n d  b i nding . 

Admini s t ration o f  iodide reve rses thyroi d  hyperplasia . A h i gh dose 

o f  i o d i de ( 1 0 - 1 0 0  u g )  t o  mi c e  h a s  a di r e c t  t o x i c  e f f e c t  o n  

hype rp l a s t i c  t h y r o i d  t i s s u e ,  r e s u l t i ng i n  abundant n e c ro s i s  and 

i n f l ammat i o n  w i t h i n  a few hours , and the appe arance of l ip o f u s c i n  

granules within 1 2  hours in surviving thyrocytes, follicular l umina,  

and ma c r o p h a g e s . I n v o l u t i o n o f  t h y r o i d  hype r p l a s i a  w i t h o u t  

inflammation,  nec rosis and lipofuscin accumulation can b e  i nduced by 

t he admi ni s t ra t i on o f  a mode rate do s e  o f  i o dide ( 1  ug/ day ) o r  by 

admini strat i on of T3 ( 1  ug/ day ) . Us ing these methods , reduction in 

cell numbers occurs by apoptosis and excessive membrane a rea i s  lost 

by shedding into the follicular lumina (Mahmoud et al 1 9 8 6 ) . 

Lipofuscin in thyrocytes 

There have been numerous reports o f  l ipofuscin in thyroid t i s sue in 

the literature ,  a lthough these have been la rgely descriptive , and the 

current study represent s the first attempt at comprehensive analys i s  

o f  this lipofuscin . 

The s p o n t a n e o u s  f o rmat i o n  o f  l i p o f u s c i n  i n  t hy ro c y t e s  h a s  been 

repo rted in man ( Heimann 1 9 6 6 ,  Lupulescu and Pet rovi ci 1 9 6 8 ,  Klinck 
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et a l  1 9 7 0 ,  Mi z u kami a n d  Mat s ub a r a  1 9 8 2 ,  Ma t s ub a r a  e t  a l  1 9 8 2 ,  

Delprado and C a rt e r  1 9 8 4 ,  Gordon et al 1 9 8 4 , Alexander et a l  1 9 8 5 ,  

Landas et a l  1 9 8 6 ,  Ohaki e t  a l  1 9 8 6 ) , cats  ( Ives et a l  1 9 7 5 ) , dogs , 

monkey s ,  guine a pigs (Go rdon et al 1 9 8 4 ) , and horses (Anderson and 

Capen 1 9 7 8 ) . Accumul ation of  l ipofus cin i n  thy rocytes causes gross 

da r k e n i n g  o f  t h e t i s s u e  w i t h  a g e  ( C a p e n  1 9 8 5 ) . L i p o f u s c i n  

a c c u mu l a t i o n i s  i n c r e a s e d  i n  t h e t h y r o i d s o f  h u ma n s  w i t h  

mucovi scidosis ( Borel and Reddy 1 9 7 3 ) , and a similar pigment has been 

i nduced by the admi n i st ration of the ant ibiotic minocycline in man 

( Reid 1 9 8 3 ,  Delprado and Ca rter 1 9 8 4 , Gordon et al 1 9 8 4 ,  Alexande r  et 

a l  1 9 8 5 ,  Landa s et  a l  1 9 8 6 ,  Ohaki et  a l  1 9 8 6 ) , r a t s  (Gordon et a l  

1 9 8 4 ,  Taj ima e t  al 1 9 8 5 ) , dogs , and monkeys (Gordon e t  al 1 9 8 4 ) . I t  

is  debated whether t he pigment induced by minocycl i ne i s  lipofuscin 

( Reid 1 9 8 3 ,  Delprado and Carter 1 9 8 4 , Wa j da et al 1 9 8 8 ) , neuromelanin 

( Landas et al 1 9 8 6 ) , a reaction product o f  minocycl ine with i odine or 

thyroid peroxi da s e  ( T a j ima et al 1 9 8 5 ,  Senba et al 1 9 8 8 ,  Ohaki et al 

1 9 8 6 ) , or  a combination o f  pigment s ( Gordon et al 1 9 8 4 ,  Alexander et 

al 1 9 8 5 ) . 

Lipofuscin was found in all specimens in an ult rast ructural study o f  

normal thyroid t i s sue from 2 1  persons aged 1 4  to 7 4  years (Klinck e t  

a l  1 9 7 0 ) . Two s t udies o f  t hy roid l ip o f u s cin in consecut ive human 

a u t ops i e s ,  cove ri ng a total o f  7 5 0  cadave rs , showed that a l t hough 

l ipofuscin quantity gene rally i ncreased with age , a small proportion 

o f  individual s showed no lipofuscin depos ition even in t he i r  eighth 

or ninth decade (Mat subara et al 1 9 8 2 , Ohaki et al 1 9 8 6 ) . Lipofuscin 

ra rely occurred bel ow the age o f  15  years ( Mat suba ra et al 1 9 8 2 )  . 

Thy roid lipo fuscin has been desc ribed a s  yel l ow-brown ( Alexande r et 

al 1 9 8 5 ,  Ohaki et al 1 9 8 6 )  and as dark brown ( Reid 1 9 8 3 ) . Go rdon et 

a l  ( 1 9 8 4 )  reported that human thyroid l ipo fuscin was fluorescent but 

Reid ( 1 9 8 3 )  f ound fluorescence in the l ipofuscin of only one of t h ree 

naturally pigmented human thyroids . 

Human thy r o i d  l ip o fu s c i n  was found to  be acid-fast with the Zeihl­

Nee l sen stain ( Landas et a l  1 9 8 6 ,  Go rdon et al 1 9 8 4 ) a l though the 

length of the Zeihl-Neelsen react i on was not speci fied . I t  w a s  a l s o  
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shown t o  b e  a c i d- f a s t  with the A rmed Forces I nstitute of  P athology 

(AF I P ) stain for  l ipofuscin ( Ive s et al 1 97 5 ,  Reid 1 9 8 3 ) , which i s  a 

modi fied l ong Zeihl -Neelsen method . The reaction to S chmorl ' s  stain 

h a s  been r e p o r t e d  as p o s i t i v e  ( G o r don e t  a l  1 9 8 4 )  a n d  a l s o  a s  

negative (Alexander e t  al 1 9 8 5 ) , while the reaction to  periodic acid­

Schiff ( PAS ) has been reported as  po sitive ( Landas et  a l  1 9 8 6 ) , as  

wel l  a s  negat ive ( Go rdon et  a l  1 9 8 4 ) , and a s  ' red-brown'  ( Alexander 

et  al  1 9 8 5 )  . Lipofuscin in f ro zen thy roid sections has been reported 

as o smi o p h i l i c ,  s udanophi l i c  ( G o rdon et  al 1 9 8 4 ) , a nd O i l  Red 0 

posit ive ( Reid 1 9 8 3 )  . 

I n  9 o u t  o f  1 5  b i op s y  s amp l e s  f r om huma n v o l unt ee r s ,  o c c a s i onal 

lipofuscin granules were i ron-positive using the Turnbull blue stain 

( Go rdon et  a l  1 9 8 4 )  and Alexander et a l  1 9 8 5 )  demo n s t rated t hat 

thyroid l ipofuscin was ' focally positive '  for  iron . Go rdon et al 

( 1 9 8 4 )  and Landa s et al ( 1 9 8 6 )  found that thyroid l ipo fuscin was 

positive to  Ma sson ' s Font ana s i lver stain,  but Alexander et al ( 1 9 8 5 )  

repo r t e d  t h a t  i t  w a s  negat ive . La nda s et  a l  ( 1 9 8  6 )  f ound t h a t  

pigment in t h e  same sections o f  human thyroid could be divided into 

Font ana -negat ive p i gment that was res i s t ant to  pe rmanganate/oxalic 

acid sequence bleach for melanin and Fontana-positive , bleach-labile 

p i gment . T hey c o n c l uded t h a t  t h e  p i gme n t s  we re l i p o f u s c i n  a n d  

neuromel anin respectively . 

L i p o f u s c i n  g r a n u l e s  w e r e  o n e  o f  t h e  t h r e e  mo s t  c o n s p i c u o u s  

s t ructu res , a long with mitochondria and rough endopl asmi c  ret iculum, 

observed i n  human thyroid cyt oplasm by elect ron mi c r o s copy . They 

o c c u p i e d  up to h a l f  of t he v i s i b l e  c y t o p l a s m  in a s e c t i o n of a 

thyrocyt e ,  and s omet ime s indented the c e l l  nuc l e u s  ( Kl i nck et  a l  

1 9 7 0 ) . T he i r  u l t rastructural characte ri s t i c s  have been studied in 

huma n s  ( K l i nck e t  a l  1 9 7 0 ,  He imann 1 9 6 6 ,  Lupule s c u  a n d  Pet rovi c i  

1 9 6 8 ,  Alexander e t  al 1 9 8 5 )  and i n  cats ( Ives et al 1 9 7 5 )  . Thyroid 

l ipofuscin granules were i rregular in shape ( Heimann 1 9 6 6 ,  Lupulescu 

and Pet rovici 1 9 6 8 , Alexander et al 1 9 8 5 )  and varied cons iderably in 

s i ze . Diameters ranged between 0 . 2  and 4 urn ( Heimann 1 9 6 6 ,  Mat subara 

et al 1 9 8 2 ) . It  has been sugge sted t hat granules may increase in s i ze 

by fusion ( Ives et al 1 9 7 5 )  . 
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Each granule was made up o f  two component s ,  a mat rix whi ch i s  usually 

very e l e c t ron-dense ( Lupule s c u  a nd Petrovici 1 9 6 8 ,  Alexander et al 

1 9 8 5 ) and one or more electron-lucent circul a r  st ructures embedded i n  

i t  ( Heimann 1 9 6 6 ,  Lupulescu and Pet rovici 1 9 6 8 ,  Kl inck et al 1 9 7 0 ) . 

I n  thyroid l ipofus cin o f  the dome stic cat , the elect ron-dense a reas 

became mo re dense and c o a rsely granu l a r  w i t h  age , and vacuo l a t i o n  

i nc rea sed . Membranous and l amellated inclusions have been des c ribed 

in the elect ron-lucent a reas ( Ives et al 1 9 7 5 ) . 

The nature of  the contents of  the electron-lucent a re a s  i s  unclea r .  

Most s t udies de s c ribe these a reas as  l ipid ( Borel and Reddy 1 9 7 3 ,  

Ives et a l  1 97 5 ,  Mat suba ra et a l  1 9 8 2 ,  Alexande r et a l  1 9 8 5 )  because 

of  their appea rance but there a re no biochemical analyses to  support 

this conclusion and it has been questioned ( Heimann 1 9 6 6 )  . Lupule scu 

and Pet rovi ci ( 1 9 6 8 )  identi fied these a reas a s  colloid droplets . 

A l e x a nde r et  a l  ( 1 9 8 5 )  de s c ri bed thy r o i d  l i pof u s c i n  g ranules a s  

memb rane -bound, but other s t udies have reported that they lac ked a 

di stinct membrane ( Heimann 1 9 6 6 ,  Delprado and Ca rte r  1 9 8 4 )  although 

they did have a ve ry de n s e  pe riphe r a l  z o ne of v a ry i ng thickne s s  

( Heimann 1 9 6 6 ) . 

Thy r o i d  lipo f u s c i n  g ranule s demonst rated both acid phosphatase and 

bet a glucuronida s e  a c t ivity , i ndi c at i ng l y s o s omal function . Sma l l  

dense lysosome - l i ke ve sicles were often found i n  c l o se p roximity to  

t he g r a n u l e s . C o l l o i d  drop l e t s  s ome t ime s cont a i ne d  p a r t i c u l a t e  

inc l u s i ons resembl i ng l ip o f u s c i n  granu l e s , and may b e  t r a n s f o rmed 

into them ( Ives et al 1 9 7 5 )  . 

C ompa r i s o n  o f  s e r i a l  s e c t i o n s  o f  mu r i n e  t hy r o i d  by e l e c t r o n  

mi c roscopy and a na lyti cal i on mi c ros copy suggested that cytopla smic 

pat ches of i odine c o r respond to  l ip o f u s c i n  granu l e s  and secondary 

ly s o s omes . I odine i n  the s e  cyt opl a smi c sites had a lower turnover 

r a t e  t ha n  t h a t  in the c o l l o i d ,  and may be exc l uded from ho rmone 

synthesis  (Mestdagh et al 1 9 9 0 ) . 
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I odine w a s  demonstrated by ene rgy -dispers ive x-ray analy s i s  i n  t he 

thyroid l ipofuscin o f  a dog ,  a guinea pig, a squi rrel monkey and 1 6  

humans . The l evel o f  i ron mea s u red by t he s ame method w a s  higher 

t h a n  t h a t  o f  t h e  s u r r o u n d i n g  c y t o p l a s m  i n  t h e  a n i ma l s ,  a n d  

occasionally in the humans , while a peak f o r  potassium w a s  observed 

i n  t h e  a n i ma l s  b u t  n o t  t h e  h um a n s . A c a l c i um p e a k  w a s  a l s o  

demonst rated i n  the l ipofuscin o f  the monkey (Go rdon et a l  1 9 8 4 ) . 

The presence o f  met a l s  in thyroid l ipofuscin may be a reflection o f  

i t s  l y s o s om a l  n a t u re . Ly s o s ome s s e que s t e r  a numb e r  o f  met a l s  

including i ron (Hanai chi e t  a l  1 9 8 4 , LeSage et a l  1 9 8 6 ,  T rump et a l  

1 9 7 3 ) , copper ( Hanaichi et a l  1 9 8 4 ) , aluminium (Gruca and Wi sniewski 

1 9 8 4 ) , p l a t i n um ( S e i de l et  a l  1 9 8 5 ) , g o l d ,  me r c u ry , l e a d a n d  

telluri um ( S t e rnlieb a n d  Goldf i s cher 1 9 7 6 )  . Experimenta l  l oadings 

w i t h  s ome o f  t h e s e  me t a l s  a re a s s o c i a t e d  w i t h  the appe a rance of  

l y s o s ome -derived l ip o f u s c i n- l i ke bo dies cont aining t h e  met a l s  in 

hepatocytes ( Sternlieb and Goldfischer 1 9 7 6 )  . 

Other age-related changes in the thyroid gland 

At b i r t h  h u m a n  t hy r o i d  f o l l i c l e s  a r e sm a l l , c o n t a i n  w e a k l y  

e o s i n o ph i l i c  c o l l o i d  a n d  a re l i ned w i t h  c o l umn a r  c e l l s . D u r i n g  

chi ldhood the coll oid become s mo re abundant and more eos inophi l i c ,  

a n d  t he t hy r o c yt e s  b e c ome c u b o i d a l . F r om a b o u t  1 2  y e a r s  t h e  

f o l l i c l e s  s ho w  i n c re a s ing v a r i ab i l i ty i n  s i ze a n d  s hape ( Do n i a c h  

1 9 7 8 )  . An age-related increase in v ariabi lity of foll i c le s i ze has 

a l s o  been o b s e rved i n  other s pe c i e s  ( W o l lman 1 9 8 0 ) . I n  elde r l y  

humans t h e  f o l l i c l e s  a re smal l ,  the colloid i s  'broken up' , and the 

thyrocytes a re cuboidal (Doniach 1 97 8 ) . 

' Cold' follicles , characterised by l a rge s i z e ,  intensely PAS -pos itive 

colloid and squamous thyrocytes , develop in mouse t hyroid with age . 

They f i r s t  a ppe a r  a t  5 mont h s  a n d  may a c c ount f o r  6 0  t o  8 0 %  o f  

f o l l i c l e s  by 1 3  months o f  age . P robably a s  a consequence of  cold 

follicle development , the thyroids of old mice are twice the s i ze of  

those o f  young mi ce and contain twice as  much thyroglobu l i n ,  but the 

t o t a l  n umbe r o f  c e l l s  and f o l l i c l e s  do e s  not i n c r e a s e . C o l d  
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Thyrocytes 

of  c o l d  f o l l i c l e s  a re po o r l y  respons i ve t o  T S H ,  and de fect ive in 

endocy t o s i s  and i odination o f  thyroglobulin . Turnover o f  colloid is  

greatly s l owed ( Studer et  al 1 9 7 8 ,  Gerbe r et a l  1 9 8 7 ) . 

The f o rmat i on o f  densely b a s ophi l ic granules in f o l l i cu l a r  l umi na 

occurs f requent ly in aged dogs and occasi onally in other species . I t  

h a s  b e e n  s u g g e s t e d  t h a t  t h e s e  g r a n u l e s  a r e f o r m e d  b y  t h e 

p re c i p i t a t i on o f  c a l c i um on a g g rega t ed c o l l o i d ,  w h i c h  may have 

abno rma l c hemi c a l  st ruct ure . They devel op in anima l s  w i t h  no rma l 

b l o o d  c a l c i um a n d  p h o s p h o r u s  l e v e l s  a n d  do n o t  a p pe a r  t o  be 

cons i s tently associ ated with other thyroid di seases ( Capen 1 9 8 5 )  . 

Calcium oxalate c rystals appea r  in the colloid during human childhood 

and become mo re numerous w i t h  age (Doni a ch 1 9 7 8 ,  Reid et al 1 9 8 7 ) . 

They were found in 7 9  of  1 0 0  rout ine consecut ive human autops ies . 

Devel opment o f  c ry s t a l s  i s  exacerbated by di f fuse hyperpla s i a ,  but 

u s u a l l y  dec re a sed in aden oma s and c a rc i noma s . ( Re i d  e t  al 1 9 8 7 ) . 

Cal c i um oxalate c rystals we re found in three of five horse thyro ids 

examined a nd in the thyroids of f ive sheep , but were not found in the 

sma l l  n umbe r s  ( f i ve and t w o  r e spect i v e l y ) o f  b o v i ne a nd c a n i ne 

t h y r o i ds e x a m i n e d  ( H a c k e t t  a n d  Kh a n  1 9 8 8 ) . T he a e t i o l o gy and 

pathogene s i s  of  depo sit i on of  c a l cium oxa late crystal s a re unknown , 

although there is  a high concent rat ion of  calcium in t hyrocytes and 

in t he colloid (Doniach 1 9 7 8 ) . 
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CHAPTER 3 

GENERAL MATERIALS AND METHODS 

Histology. 

Horses .  T i s sue f o r  h i s t o l ogy w a s  obtained f r om 3 7  h o r s e s ,  which 

ranged i n  a ge from a s t i l lborn p rema ture foal  ( >3 0 0  day s )  to  a 3 5  

year old pony . Most horses were killed by a shot to the head at Hunt 

Club Kennels in the Manawatu region . A small number were killed by 

barbiturate ove rdo s e  for post -mo rtem exami n a t i on in the Veterinary 

Faculty,  Ma s sey University . The horses were killed for rea s ons other 

than s y s t emic or endo c r i ne d i s e a s e . The age of  e a c h  h o r s e  w a s  

obtained f rom the owne r or f rom any age-brands present , and i n  s ome 

c a s e s  a n  e xpe rienced ho rsema n a l s o  exami ned t he dent i t i on o f  the 

horse and est imated its age on that basis . Both thyroid glands were 

excised and kept on ice until f ixed within 30 minutes of  death . 

Each horse was given a code numbe r for hi stological s t udy , cons i s ting 

of the age of  the horse followed by a letter to  di stingu i sh horses of  

t h e  s ame a ge ( T a b l e  3 : 1 ) . E x c e p t i o n s  were the p rema t u re f o a l , 

ident i fied a s  PR, and an B month old foal ident i fied a s  B M .  

Table 3 : 1 .  Horses used for histology . 

Age Histology code 

premature PR 
B months BM 
1 yea r  lA 
3 years  3A, 38 
5 yea rs SA 
6 years 6A , 68 
7 years  7A 
9 years 9A, 98 
12 yea rs  1 2A ,  1 2 8 ,  
1 5  yea rs  l SA ,  1 58,  
2 0  years  2 0A ,  2 08,  
2 5  years 2 5A ,  2 5 8 ,  
2 B  years  2 BA ,  2 B 8  
3 0  years  3 0A ,  3 0 8  
3 2  years 32A 
3 5  years 3 5A 

12C,  12D 
1 5C 
2 0C,  2 0D ,  2 0E ,  
2 5C ,  2 5D ,  2 5E ,  

2 0 F 
2 5 F ,  2 5G 

- - - - - - - - - - - - - --- - - - -------- - - - - --------- - - - - - - - -- - - -
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Fixation and light microscopy . Sect ions of  paraffin-embedded thyroid 

t i s s ue f rom 3 7  ho r s e s  we re s t u di e d . A 5 mm slice o f  t i s s ue w a s  

removed f rom one pole of  one gland, a n d  a further 5 mm s l i c e  f rom the 

exposed t i s s ue fixed in 1 0 %  formal sal ine for 4 8  hours . 

S e r i a l  s e c t i o n s  o f  p a r a f f i n - embedded t i s s u e  w e r e  s t a i ne d  w i t h  

H aema t o xy l i n  a nd E o s i n  ( H & E ) , P e r i o di c  A c i d- S chi f f  ( PA S ) ( Cul l i ng 

1 9 7 4 ) , a n d  S c hmo r l ' s s t a i n  ( S t e v e n s  1 9 6 8 ) , and a s e c t i o n  l e ft 

uns t a ined f o r  fluores cence mi c ro s c opy . Other stains u s ed on s ome 

sections were the Armed Forces I n s t i t ute o f  P athology (AF I P ) stain 

f o r  l ip o f u s c i n  ( Luna 1 9 6 8 ) , Ma s s on ' s Fontana ( Culling et al 1 9 8 5 ) , 

P e r l ' s s t a i n  f o r  i r o n  ( S t e ve n s  1 9 6 8 ) , F e u l ge n - N a p h t h o i c  a c i d  

Hydra zine ( Feulgen-NAH ) ( Cul l i ng et a l  1 9 8 5 ) , Methyl Green-Pyronin 

( MGP ) ( Cu l l i n g  et al 1 9 8 5 ) , and von Ko s s a '  s s t a i n  ( C u l l ing et al 

1 9 8 5 ) . 

Statistical analysis .  Data were analysed by linear regre s s i on . The 

accuracy of the model was analysed by calculation of the coefficient 

of determinat ion, R2 , de fined as the propo rtion of t he va riation in 

t h e  v a l u e s  o f  t h e d e p e nde n t  v a r i a b l e  t h a t  is ' e x p l a i n e d '  by 

variations in the values of the independent variable ( Cangelosi  et al 

1 9 8 3 )  . 

Concanavalin A labelling . Sect i ons were s t a ined with Concanavalin 

A/ Peroxida s e  according to  the fol lowing met hod, adapted f rom those of  

Av rame a s  e t  al  ( 1 9 7 6 ) , a nd F a y e  a n d  Ch r i speel s ( 1 9 8 5 ) . S o d i um 

chloride ,  5 0 0  mM, and Tri s (hydroxymethyl ) aminomethane ( T ri s ) , 2 0  mM ,  

we re di s s o l v e d  i n  d e i o n i sed w at e r ,  and pH a d j u s t e d  t o  7 . 4  w i t h  

concent rated HCl t o  make Tris-bu f fe red Sal ine ( TBS ) . TTBS ( Tween/TBS 

+ cations ) was prepa red by the addi t ion of 1 mM MnCl 2 , 1 mM cac12 , 

and 0 . 1 % v / v  polyoxyethylene-so rbitan monolaurate ( Tween 2 0 )  to TBS . 

Deparaffini sed secti ons were incubated in 3 %  hydrogen peroxide ( H2o2 ) 

in TBS f o r  1 5  minutes at room tempe rature , wa shed 3 x  i n  TTBS , then 

incubated f o r  15 minute s  at room tempe rat ure in TTBS in which was 

di ssolved 1 0 0  ug/ml Concanavalin A ,  and washed 3x in TTBS . Sections 

were t hen incubated for 15 mi nut e s  at room tempe r a t u re i n  TTBS in 
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which was  di s s olved S O  ug/ml horse radi sh peroxidase . Secti ons were 

w a shed 3x i n  T T B S , f o l l owed by 1 w a s h  i n  TBS , then imme r s ed i n  

staini ng solution,  prepared immedi ately before u s e  b y  di s s o lving 60  

mg 4 -chloro - 1 -naphthol in 20  ml  of  1 0 0 %  met hano l ,  and adding 80  ml 

TBS and 60  ul o f  6 0 %  H2 o2 . Serial secti ons were developed f o r  O . S , 1 ,  

2 ,  4 ,  and 8 mi nute s .  After developing, sect ions were w a s hed 2 x  in 

di s t i l l e d  w a t e r ,  a i r - d r i e d , a nd c o ve r s l i p s  w e r e  a pp l i e d  w i t h  

glycerine jelly . 

Fluorescence microscopy . F l u o re s cence was exami ned i n  u n s t a i ned 

s e c t i o n s , u s i n g  a Z e i s s  Axi ophot mi c r o s cope ( Z ei s s ,  H e i de l b e r g ,  

Ge rmany ) ,  b a r r i e r  f i l t e r  S 9 0  nm, e xc i t e r  f i l t er S 1 0 - S 6 0  nm, and 

dichroic beam splitter S 8 0  nm . 

F r o z e n  s e c t i o n s . T h y r o i d s w e r e  c o l l e c t e d  imme di a t e l y  a f t e r  

euthanasia and fro zen sections cut within 9 0  minutes of  death . They 

were stained with Sudan Black B (Cul li ng et al 1 9 8 S )  and Oil Red 0 

( Cull ing et al 1 9 8 S ) . 

Elect ron mi c roscopy .  Elect ron mi c ro s c opy was performed o n  thyroid 

t i s sue f rom 1 0  horse s , aged 9 to 3 S ,  f rom the group u s e d  f o r  the 

l i ght mi c r o s c opy study . Tis sue was fixed as  soon as  pos s ible a fter 

de a t h  in modi f i e d K a r n o v s ky ' s f i x a t i ve ( Ka rnov s ky 1 9 6 S )  of 2 %  

para formalde hyde and 3 %  glut ara ldehyde i n  0 . 1  M pho sphate bu ffer pH 

7 . 3  held at 4 °C .  Unless otherwise stated the tis sue wa s then post-

fixed in 1% o smium tet roxide for 1 hour . Tis sue was then dehydrated 

in graded a lcohols and propylene oxide and embedded in DurcupanR ACM 

epoxy resin ( Fl uka Chemie AG, CH- 9 4 7 0  Buchs , Swit zerland) . Sections 

w e re cut a t  6 0 - 8 0  nm and,  unl e s s  o t h e rw i s e  s t a t e d ,  s t a i ned with 

uranyl acetate and lead cit rate . 

Production of antibody for immunocytochemistry .  Equine thyroglobul in,  

puri fied and s uppl ied by R .  Ma rtinus o f  t h i s  l aborat o r y ,  h a d  been 

i s o l a t e d  f r o m  S O  g o f  e q u i n e  t h y r o i d  by a mmo n i um s u l p h a t e  

f ra c t i ona t i on ( We i r s inga and Chopra 1 9 8 2 )  and furt he r  puri f ied by 

high pe r f o rmance l iqui d  ch romatography on a TSK 3 0 0 0  SW Ana lytical 

c o l umn e luted with 0 . 1 S M s odium c h l o ride . This thyroglobu l i n  w a s  
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di s solved, 1 ug/ ul , in  saline and emul si fied with an equal volume of  

F re u nd ' s c omp l e t e  a d j uvant by t he t w i n - s y ringe technique ( Goding 

1 9  8 3 )  . F o u r  a du l t  New Z e a l a n d  Wh i t e  r a bb i t s  we r e  i n o c u l a t e d  

i n t r a mu s c u l a r l y  6 0 0  u l  e m u l s i o n c o n t a i n i n g 3 0 0  u g  e q u i n e  

thyroglobulin . Booster i n j ecti ons of  the same quantity in F reund' s 

incomplete adj uvant were given 5 weeks after the first inocul ation . 

Aft e r  a furthe r 4 weeks the rabbits were bled by c a rdi a c  pun c t u re ,  

the serum sepa rated b y  cent ri fugation f o r  1 0  minute s  a t  1 5 0 0  g max 

at room tempe rat u r e ,  and s t o red at -2 0 °C .  The producti on o f  anti­

thy roglobulin was a s s ayed by double di ffusion in agarose (Ouchterl ony 

t e c hn i que as de s c r ibed by Wang 1 9 8 2 ) and by We stern blot t i ng and 

immunost aining ( see bel ow)  . 

against equine t hyroglobul in . 

All of  t he rabbit s developed antibody 

E l e c t robl o t t i ng and immuno s t aining. E q u i n e  thy r o g l o bu l i n  w a s  

t r a n s f e r r e d  f r o m  a n o n de n a t u r i n g  5 %  p o l y a c r y l a m i de g e l  t o  

p o l yv i nyl ide ne di f l uoride ( PVDF ) memb rane ( Immob i l o n™, Mi l l i pore 

C o rp o r a t i o n , B e d f o rd ,  MA ) i n  a 2 0 0 5  T r a n s p h o r  e l e c t r o b l o t t i n g  

a p p a r a t u s  ( L K B , B r omma , S w e d e n ) ,  a c c o r d i n g  t o  t h e me t h o d  o f  

Mat s udai ra ( 1 9 8 7 )  with the fol l owing modi f i ca t i on s : The t ra n s f e r  

buffe r  w a s  T r i s  HCl , 2 5  mM ,  and Glycine , 1 5 0  mM, i n  dei onised water,  

and the transfer was for  1 8  hours at 0 . 5  mA .  Elect roblotted protein 

was by s t a i ned w i t h  0 . 2 %  amido black (Wil son 1 97 9 ) . Thyroglobulin 

was detected on parallel unstained blots with the anti -thy roglobulin 

ant ibody by the following technique . 

P hosphate bu f fe red s a l i ne - Tween ( P B S T )  medium was p repared by t he 

a ddi t i o n  o f  0 . 1 % v / v T w e e n  2 0  t o  p h o s p h a t e - bu f f e r e d  s a l i n e  

s olution,  p H  7 . 3 ,  containing 1 3 7  mM NaCl , 

Subst rate solution wa s made by the addit i on of  2 

ml o f  a solution o f  4 -chloro-1 -naphthol in methanol ,  3 mg/ml , and 1 3  

ul 6 0 %H2o2 to  1 0  ml of 50  mM Tris HCl and 1 7 1  mM NaCl in wate r . The 

PVDF membrane was wet with 1 0 0 %  methanol and immedi ately imme rsed for 

5 mi n u t e s  in de i oni s e d  w a t e r ,  w a s he d  3 x 1 0 minut e s  in P B S T , and 

incubated i n  a s olut i on of 5% BSA ( Immunochemical P roduct s Ltd )  in  

P B S T  f o r  90  mi nutes at room tempe rature . The memb rane w a s  washed 

3x1 0 minutes in  PBST,  incubated in rabbit serum di luted 1 / 1 0  in  PBST 
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f o r  2 h o u r s  at room t empe ratu re,  t hen 4 x 1 0 minutes i n  PBS T . The 

membrane was i ncubated i n  pe roxidase conj ugated goat ant i rabbit I gG 

( Irnrnunochemi cal P roduct s Ltd) dil uted 1 / 5 0 0  i n  a solution o f  1 %  BSA 

i n  PBST for 2 hours at room tempe rature , washed 4x10 minutes in PBST 

and shaken horizont ally in subst rate solut i on until the blue-label led 

p rotei n  was visible . The presence in rabbit s erum of ant ibody to  the 

b l o t t e d  p ro t e i n  w a s  c o n f i rmed .  The memb r ane was t hen rinsed i n  

water, dried and s t o red in the dark . 

Immunogo1d 1abe 1 1 ing o f  equine thyroid t i s s ue . T hy ro i d  t i s s u e , 

s urgi c a l ly removed f rom an aged ma re under gene ral anaesthe s i a ,  w a s  

c u t  i n t o  c u b e s  approxima t e l y  1 rnrn3 and f ixed for 1 hour at room 

tempe rature in 2% glutaraldehyde in 0 . 0 5 M c acodylate buffer pH 7 . 2 .  

T he t i s s ue w a s  de h y d r a t e d  t h en i n f i l t r a t e d  wi t h  L ow i c ry l  K 4 M  

( Chemi sche Werk Lowi ) resin according to t he method o f  Wel l s  ( 1 9 8 5 )  

using a liquid nit rogen-cont rolled low tempe rature chamber .  Samples 

were embedded in c apsules in fresh resin and polymeri sed in a 3 6 0  nm 

UV l i ght box for 2 4  hours at -2 0°C and t hen at room tempe rature for 

24  hours . 

Thin sections were mounted on grids and incubated for 1 hour at 3 7 °C 

with anti -equine-thyroglobulin rabbit se rum ( see above ) diluted 1 / 1 0 0  

with 0 . 1  M pho sphate buffer p H  7 . 3  cont a i n i ng 1 %  Tween 2 0  a nd 1 %  

gamma globulin-f ree bovine se rum albumin . They were then washed with 

5 drops of  0 . 1  M phosphate buffer pH 7 . 3  cont aining 0 . 1 % Tween 20 and 

incubated f o r  1 h o u r  at 3 7 °C w i t h  J a n n s e n  Au roprobe 1 5  nm g o l d  

labe l l ed goat a nt i - rabbit IgG dil uted 1 / 2 0  with the same buf fer a s  

that used to  dil ute the rabbit serum . Grids were washed again with 5 

drops o f  0 . 1  M pho sphate b u f f e r  pH 7 . 3  c o n t a ining 0 . 1 % Tween 2 0 ,  

f o l l owed by 5 d r o p s  o f  di s t i l led wat e r ,  a nd s t a i ned with u ranyl 

acetate and lead cit rate . 

Iso1ation and ana1yses of 1ipofuscin . 

Horses. Lipofuscin was ext racted from thyroid glands obtained f rom 

healthy horses . These horses ranged from 2 t o  4 0  yea rs  old, and were 

from diverse backgrounds within the lowe r half of t he North I s l and o f  
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New Zea l a nd . I n  each c a s e ,  the owner ' s  e s t imate of the a ge of  the 

h o r s e  w a s  obt a i n e d ,  a n d  a n  e xpe r i e n c e d  h o r s eman e x ami n e d  t he 

dent ition of  the horse t o  veri fy thi s . Pairs  o f  thyroid glands were 

removed immediately after t he horse was killed by a shot to  the head, 

and t ransported on ice . 

deat h . 

Lipofuscin was ext racted within 2 4  hours o f  

I solation o f  lipofuscin . Thyroid glands were s l i ced into 5 mm s l ices 

and the capsule removed . Obvious gross  lesions such as  adenomas o r  

cystic folli cles were exci sed and di scarded . The t i s su e ,  2 5  g ,  w a s  

homogeni sed i n  l O O  m l  pho sphate -buf fered s a l i ne solut i o n ,  pH 7 . 3 , 

c o n t a i n i ng 1 3 7  mM N a C l , 2 . 7  mM KC l ,  8 mM Na 2HP0 4 , and 1 . 5  mM 

KH2 Po4 , in a Kenwood ( Kenwood Manufacturing Co . ( NZ )  Ltd . , Auckland, 

New Zealand) food proce s s o r  with minc ing bl ade s fitted, at speed " 3 "  

f o r  5 mi nutes . Homogeni sation was completed in a S orval l  Omnimixer 

( I v a n  S o r v a l l  I n c . ) f o r  4 5  s e c o n ds a t  f u l l  speed . The pe l l et 

obtained after cent ri fugat ion in a swing-out rotor for 3 0  minutes at 

1 5 0 0  g max at 4 °C i n  a GLC- 1  cent ri fuge ( I van Sorv a l l  I nc . )  w a s  

resuspended in 2 5  ml dei oni sed water and sonicated f o r  2 minutes a t  

f u l l  speed in a soni cator (MSE Soniprep 1 5 0  Ultrasonic D i s integra t o r )  

using t he small probe assembly . The suspension was filtered through 

gl ass wool , and a pel let obtained by cent ri fugation for 1 0  minutes at 

4 5 0 0  g max at 4 °C .  This pellet wa s resuspended in 2 0  ml of deionised 

water , sonicated and a pel let obt ained as  be fore . The final pellet 

was re suspended in 10  ml deionised water . 

and processed for elect ron mi c roscopy . 

A sample was also fixed 

D e n s i t y  det e rmi n a t i o n . T h e  i s o py c n i c  de n s i t i e s  o f  i s o l a t e d  

l ipofuscin granules were determined by centri fugation on 

1 M to 3 . 4  M caesium chloride gradient s in a Beckman Ultracent rifuge 

SW 25 rot or at 7 0 , 0 0 0g max for 1 6  hours at 4 °C .  Some gradient s were 

centri fuged for 56 hours to ensure that i s opycnic condit ions had been 

reached .  F ractions were collected f rom the highest to  l owest den s i ty 

and monitored by 2 8 0  nm absorbance and elect ron mic roscopy . 

Amino acid analys i s . Lyoph i l i s ed l ip o f u s c i n ,  0 . 6  t o  1 0  mg , w a s  

hydrolysed i n � i n  6 M HCl containing 0 . 1 % phenol a t  1 1 0°C f o r  2 4  

hour s ,  the hydro l y s a t e  evap o r a t ed t o  dryne s s  ove r NaOH i n  v a c u o . 
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Quant itati ve amino acid analysis of  the hydrolysate was performed on 

a B e c kman 1 1 9  BL amino a c i d  analyser u s i ng t he st andard protein 

hydrolysate program. S odium citrate buffers were used as  follows : 

Buffer A pH 3 . 5 3 0 . 2 0 N Na+ 2 1  minutes 

Buffer B pH 4 . 1 2 0 . 4 0 N Na+ 1 9  minutes 

Buffer c pH 6 . 4 0 1 . 0 0 N Na+ 7 7  minutes 

H y d r o l y s a t e s  f r om n i n e h o r s e s  w e r e a n a l y s e d  f o r  f u r o s i n e b y  

prolongation of elution t ime i n  buffer C by 3 0  minutes and comparison 

with a furosine standa rd . 

Tryptophan analysis . T rypt ophan est imations were carried out by an 

adap t a t i on of the met hod of Niel sen and H u r r e l l  ( 1 9 8 5 ) . Lithium 

hydroxi de ( LiOH ) , 4 . 3  M ,  w a s  added at a rate o f  0 . 2  ml pe r mg o f  

lyophi l i sed l ipofus cin and the samples incubated in vacuo 1 8  hours 

at 1 1 0 °C .  After c o o l i ng ,  the s amples were t i t rated to  neutral with 

concent rated HCl , filtered through hydrophilic filters , 0 . 4 5 urn ,  with 

measured aliquots of  dei oni sed water . A known volume of this s olution 

was then analysed and compa red with a t rypt ophan standa rd . 

Soluble protein extraction . An equal volume o f  an aqueous solut ion 

c o n t a i n i ng 6% w/v l i t hi um dode cyl s ul p h a t e  ( LD S ) a nd 2 0 %  v/v 2 -

me r c a p t o e t h a n o l  w a s  mi xed w i t h  l i p o f u s c i n  suspended i n  de ionised 

w a t e r . The mix t u r e  w a s  incubated at 9 0 °C f o r  5 mi nut e s  and the 

ins oluble fraction pelleted by cent ri fugation for 1 0  minutes at 4 5 0 0  

g max a t  4 °C .  The supe rnatant containing soluble proteins was stored 

at -20 °C .  

Lithium dodecyl s ulphate -P olyacrylamide gel elect rophores i s  ( LD S ­

PAGE ) . Soluble proteins were sepa rated by LDS -PAGE according to  the 

me t h o d  o f  L a emml i  ( 1 9 7 0 )  o n  1 5 %  ge l s  w i t h  a b i s a c r y l amide t o  

a c rylamide ratio o f  1 : 2 9  w /w . Sucrose , 1 0 % ,  was added t o  the main 

gel . Molecular weight s o f  proteins were dete rmined by the comparison 

of t he i r  mig rat ion rate s with those o f  molecular weight s t anda rds 

( Sigrna , Kit No . MW- SDS 7 0  L, as corrected by Krat zin et al 1 9 8 9 ) . 

S i lv e r  staining o f  gel s . Ge l s  w e re fixed for 1 hour i n  1 2 %  w / v  

t richlo roacetic acid and then si lver stained a s  desc ribed by Fea rnley 
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et a l  ( 1 9 9 0 ) . Steps in s i lver staining and overstaining p rocedure s 

f rom t he a ddi t i on of  s i lve r nit rate solut i on t o  the comp l e t i on o f  

f i xing i n  5 % acetic a c i d  s o lution were ca rried out in a da rkroom 

unde r a photographic s a f e l i ght ( Koda k ,  Wratten S e ri e s  f i l t e r  OB ) . 

After t he gel was wa shed f o r  3x 1 0  minutes in de ionised water,  the 

s t a i n  was dec o l ourised i n  2 0 0  ml F a rme r ' s Reducer s o l u t i o n  ( 3 0 mM 

p ot a s s i um f e r r i cyani de ( K 3 Fe ( CN ) 6 ) and 6 5  mM s odi um t h i o sulphate 

The F a rme r ' s Reducer was removed f rom the gel by 

s equent i a l  wa shes in de i o n i sed w a t e r  unt i l  a l l  ye l l ow c o l o u r  had 

disappeared . The gel was then agit ated gent ly for 30  minutes in 0 . 2 5 %  

s i lver nit rate solution,  rinsed f o r  2 minutes i n  deioni sed wate r ,  and 

overstaining developed with a solution of  0 . 2 8 M sodium c a rbonate and 

0 . 5  ml / 1  formaldehyde . Develope r was added in 2 0 0  ml a l iquot s .  The 

f i r s t  a l i quot w a s  rep l a ce d  a f t e r  1 mi nut e .  S ubs equent washes i n  

develope r ,  for not mo re than 4 minutes each , were ca rried out unt i l  

the stain had developed . The development w a s  stopped with a s olution 

o f  5% acetic acid for 5 minutes . Gels  were s t o red sealed in plastic 

bags with 10  ml 5%  acetic a cid s olution to  prevent dehydration . 

E l e c t r o b l o t t i n g f r o m  g e l s . 

p o l yviny l i dene di f l u o r i de ( PVD F )  

P r o t e i n s  w e r e  t r a n s f e r r e d  t o  

membrane ( Immobilon™ , Mi l l ipore 

C o r p o r a t i o n ,  Be d f o r d ,  MA ) in a 2 0 0 5  T r a n s ph o r  e l e c t r o b l o t t i n g  

apparatu s  ( LKB , Bromma , Sweden) according to  t he method o f  Mat suda i ra 

( 1 9 8 7 )  f o r  3 hours a t  0 . 4  mA .  After elect roelution PVDF memb ranes 

were wa shed in deioni sed water for 2 - 3  minutes , stored dry at 4 °C o r  

s t a i ned immedi a te l y . P rotein bands were s t a ined wi t h  0 . 2 % ami do 

black ( Wi l s on 1 97 9 )  or stained with 0 . 2 %  Cooma s sie Bri l l i ant Blue R-

2 5 0  in 5 0 %  methanol cont a ining 1 0 %  acet ic acid for 2 - 5  minute s ,  and 

t hen de s t a ined in 5 0 %  methanol c ont aining 1 0 %  acet ic acid for 5-1 0 

minutes at 2 5°C .  

P ro t e i n  s equenc i n g . S e que n c i n g o f  p r o t e i n s  b l o t t ed ont o PVDF 

membrane was attempted by J . E  Wal ker , J . M . S kehel , and I . M .  Fea rnley 

at the M . R . C .  Laboratory of Molecular Biol ogy , Hi l l s  Road, Cambridge , 

UK . Cooma s s ie Blue - s t ai ned protein bands o f  interest we re cut f rom 

t he PVDF membrane and p l a ced i n  the c a r t r i dge b l o c k  of a 4 7 0A gas 

p h a s e  s equenc e r ,  in t h e  p re s ence of only t he T e f l o n  s e a l , w i t h  

neithe r polybrene nor gl ass fibre filter di s c s . 
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L e c t i n  a f f i ni t y  l abe l l i ng o f  e l e ct robl o t t e d  p ro t e in s . L e c t i n  

a f f in i t y  labe l l i ng of  glycoproteins blotted ont o PVDF mat rix w a s  

attempted w i t h  Concanavalin A-Peroxidase according to  the method of  

Faye a n d  Ch r i spee l s  ( 1 9 8 5 ) , u s i ng 2 0 %  met h a n o l  i n  the s t a i ni ng 

s olution . 

P roteolipid analysis of equine thyroid lipofuscin. F resh lipofuscin 

was resuspended to a volume of  1 ml in deionised water and mixed with 

4 0  ml of  a 2 : 1  solut i on of Chl o r o f o rm : met hanol cont a i n i ng 1 0 0  mM 

N H 4 0Ac . T h e  s u spen s i o n w a s  f i l t e r ed t h r o u g h  gl a s s  w o o l  i n t o  a 

s e p a r a t ing funnel , 1 0  ml 1 0 0  mM s o l u t i on o f  t e t r a s odi um EDTA w a s  

added to  t he f i lt rate , a n d  t h e  s olutions were mixed a n d  a l lowed to  

sepa rate i n  the da r k  f o r  24  ho u r s . The ma t e r i a l  ret a i ned by the 

g l a s s  w o o l  w a s  r i n s e d  o n c e  w i t h  e t h a n o l  and once w i t h  de ioni sed 

water,  then collected, lyophi li sed, and weighed . A sample of thi s 

w a s  hydro l y s e d  f o r  ami n o  a c i d  a n a ly s i s ,  and a furthe r sample w a s  

sepa rated by LDS -PAGE . A sma l l  qu antity o f  inte r f a c i a l  mat e r i a l  

formed during the sepa ration o f  the aqueous-s oluble and chloroform­

s o l uble f ra c t i ons . A s ample of this  was hydrolysed f o r  ami no acid 

a na l y s i s , and a f u r t h e r  s a mp l e  w a s  s e p a r a t ed by LD S - PAGE . The 

chlo roform phase was evapo rated t o  a volume of  1 ml ,  and 9 ml diethyl 

ether was added . The p recipitate which formed at -7 0 °C over 1 0  days 

w a s  p e l l e t e d  a t  1 5 0 0  g f o r 1 5  minut e s . A s amp le of t h i s  w a s  

h y d r o l y s e d f o r  ami n o  a c i d  a n a l y s i s ,  a n d a f u r t h e r  s amp l e  w a s  

separated by LDS-PAGE . 

Elemental analysis . S ampl e s  of  lyophilised l ipofuscin ( 2 0  mg ) that 

had been wa s hed by c e n t ri fug a t i on ( x 3 )  in di s t i l l ed w a t e r  w e re 

a n a l y s e d  f o r  C ,  H ,  N ,  0 ,  S ,  a nd t o t a l  h a l i de c o n t e n t by t h e  

Mic roanalytical Laboratory ,  Chemi stry Dept , University o f  Ot ago . 

Lyophili sed lipofuscin wa s ashed in borosilicate test tubes at 5 0 0 °C 

f o r  1 6  h o u r s , a n d  t he a s h  di s s o l ved i n  2 M HCl . Quant i t a t ive 

analysis , ca rried out in an Appl ied Re search Labo ratories ARL 3 4 0 0 0  

pla sma emis sion spect r ometer,  w a s  obta ined o f  B ,  Na , Mg, Al , P ,  K ,  

e a ,  Cr, Mn , Fe, Ni , Cu,  Zn,  S r ,  Mo , Cd, and Pb . 
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Lipid ext ract ion and analyses . Lipids w e re e xt ra c t e d  f rom f re s h  

thyroid t i s sue a n d  f reshly i s o l ated l ipofu s c i n ,  a c c o rding t o  t he 

me t h od o f  Fo l c h  et  a l  ( 1 9 5 7 ) . The ext r a c t i o n  s olvent s conta ined 

0 . 0 5 %  w / v  b u t y l a t e d  hydroxyt o l uene ( BHT ) . Ext r a c t e d  l i p i d s  w e re 

di s s olved in cycl ohexane , sealed in g l a s s  vials under nit rogen and 

s t o red in the da rk . Lipids were ext racted from equine l ive r ,  ovine 

live r ,  ovine adipose tis sue , and hen egg yolk by the s ame met hod for 

use a s  standards . All l ipid ext ractions were ca rried out as  qui ckly 

as  possible with exposure to  sunlight and heat avoided . 

P h o sphol ipids we re sepa rated by thin-lay e r  chromatography of  total 

l ip i d  s ampl e s  on s i l ica ge l ( S kipski et a l  1 9 6 4 )  and s t a i ned with 

i odine vapo u r . Quant i t a t ive analy s i s  of  phospholipids i solated by 

acetone precipit ation (Kates 1 9 7 2 )  was attempted using high-field 3 1P 

nuclear magnetic resonance ( NMR) spectroscopy according to  the method 

of Soti rhos et al ( 1 9 8 6 )  . 

N e u t r a l  l i p i d s w e re i s o l a t e d  by a c e t o n e  p r e c i p i t a t i o n  o f  t he 

phospholipids f rom total l ipid ext racts ( Kates 1 9 72 ) and separated by 

thin l aye r chromat ography ( TLC) on s i l i c a  gel sheet s ( Ba kerf lex l B ,  

J .  T .  Baker Chemical Co . ,  Phillipsbu rg , NJ . )  devel oped with hexane : 

e t h e r  a c e t i c  acid;  8 0  2 0  1 ,  and sta ined with iodine vapour .  

Neut r a l  lipids we re c h a racte rised by eo -migrat ion o f  st anda rds and 

the neutral l ipids of hen egg yolk . 

Doli chol and cholesterol concentrations were obtained by normal phase 

high-perfo rmance liquid chromatography ( HPLC )  on a cyanopropyl column 

according t o  the method of  Palmer et al ( 1 9 8 4 ) , with the modi fication 

that the eluant used was 0 . 4 % isopropanol in hexane . 

DNA concentration. Colou rimetric estimation of DNA concent ration in 

l y o p h i l i s e d  l i p o f u s c i n  w a s  pe r f o rme d u s i n g t h e  d i p h e n y l amine 

p r ocedure ( Bu rt on a s s ay ,  Bu rt on 1 9 5 6 )  a c c o rding t o  the met hod of  

Ri cha rds ( 1 97 4 ) , with the variation that each sample in 2 . 5  ml  of  1 5 %  

pe rchl o r i c  a c i d  w a s  i n c ubated a t  room tempe rat ure f o r  2 . 5  hours . 

This incubation was c a rried out because of the relat ively insoluble 
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n a t u re o f  t h e  l ip o f u s c i n . A s t a n d a r d  c u rve w a s  obt a i n e d  u s i ng 

herring sperm DNA, 4 to  4 0  ug . 

DNA characteri sation . Nucleic acids were ext racted from fresh equine 

thyroid lipo fuscin and f rom leucocytes of  the same animal , a 7 yea r 

old mare . To minimi se f ragmentation of  nucleic acids ,  the s onicat ion 

s t ep s  w e r e  omi t t e d f r om t h e  l i p o f u s c i n  i s o l a t i o n . B l o o d  w a s  

collected by j ugul ar venipuncture into 1 0  ml Vacutainer tubes { Becton 

Di ckin son ) c on t a i ning pot a s s ium EDTA a n t i coagulant . The leucocyte 

layer {buffy coat ) was separated by cent ri fugation for 1 0  minutes at 

1 5 0 0  g at room t empe rature ,  and wa shed of erythrocyt e contami nation 

w i t h  5 ml o f  pho sph a t e -bu f f e red s a l i n e  { P B S ) s o l ut i o n ,  pH 7 .  3 . ,  

cont aining 1 3 7 mM NaCl , 2 . 7  mM KCl , 8 mM Na2HP04 , and 1 . 5  mM KH2 Po4 . 

The c e n t r i f u g a t i o n w a s  repe a t e d  a n d  the pe l l et re s u s p ended i n  

deioni sed water . 

Nucleic acids were ext racted from the l ipofuscin or leucocyt e s  in  1 0  

ml a que o u s  s o l u t i on by phenol ext r a c t i o n { Mew et a l  1 9 8 5 )  . The 

concent rat i o n  o f  nuc l e i c  a c i d  in the s ol u t i o n  a f t e r  di a l y s i s  w a s  

measured b y  spect rophotomet ry acco rding to t he met hod o f  B re nner et 

a l  { 1 9 8 2 )  i n  a Cec i l  5 9 9  spect roph o t ome t e r  and DNA c onc ent ration 

calculated by the formula : 

DNA concent ration {mg/ml ) 

OD2 5 8nm - OD3 0 0 nm 

2 0  

x di lution factor 

Agarose gel electrophoresis and photography were pe rfo rmed according 

to the met hod of Mew et al { 1 9 8 5 )  with the variation that the gel was 

1 . 4 % a g a r o s e . Complete l ambda DNA and re s t ri ct i o n  e n d o n u c l e a s e  

f ragment s of  i t  were u sed as  molecul a r  weight ma rkers . Re striction 

endonu c l e a s e  dige s t ion of  DNA w a s  pe r f o rmed using t he r e s t r i c t i o n  

enzyme s D ra i , which c leaves 5 ' -TTTvAAA- 3 ' , and Mspi , which cleaves 

5 ' -CvCGG-3 ' .  

To aliquots o f  nucleic acid, 1 3 . 2  ul { 2 . 3  ug) from equine leucocytes ,  

o r  aliquot s o f  lipofuscin nucleic acid, 1 1 . 2  ul { 2 . 7  ug) , were added 
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3 ul o f  REact ™1 reaction b u f fe r ,  4 ul Q.gi ( 1 0  uni t s / u l )  or 4 ul 

Mspi ( 1 2  unit s / u l )  . Digest ion was pe rformed according t o  the method 

of  Mew et al ( 1 9 8 5 )  and elect ropho res i s  ca rried out on a 1 . 4 % aga rose 

gel . 

Phen o l - S ulphu r i c  acid a s s ay f o r  neut r a l  s uga rs ( Be e l ey 1 9 8 5 ) . 

Tripl icate standards of  mannos e ,  0 to  6 0  ug, were used t o  const ruct a 

standard curve . The sample was mixed with 0 . 5  ml dis t i l led water . An 

equ a l  v o l ume o f  5 %  pheno l  i n  w a t e r  w a s  a dded, and t he s o l ut i ons 

mixed . C oncent rated sulphur i c  acid (AnalaR, BDH ) , 3 ml , was added 

rapidly and immedi ately mixed by vo rtexing . The tube s were all owed 

to cool and t he absorbance read at 4 9 0  nm within 1 hou r .  

S amp l e  p rep a ra t i o n f o r  ga s - l i qu i d  c h roma t o g raphy o f  s uga r s .  

Lyophi l i sed l ipofus cin,  between 2 and 1 0  mg, w a s  hydrolysed in 2 M 

H C l  i n  v a c u o  at 1 0 0 °C f o r  1 ,  3 and 5 hours . The sample w a s  t hen 

evapo rated to  near drynes s  and dried in vacuo over NaOH pellet s . The 

s a mp l e s  were r e s u s pended i n  5 ml w a t e r  and t he l ipids ext racted 

acco rding to the method o f  Folch et al ( 1 9 5 7 )  . After s eparation the 

aqueous phase was lyophilised and redi s solved to  a final volume of  1 

t o  5 ml in di s t i l led wat e r ,  t o  whi ch an equal v o l ume o f  abs o l ute 

ethanol was  added . The s ample was  allowed to st and at 4 °C for 1 7  to 

1 8  hou r s , the precipi t ate removed by f i l t ration,  and the f i l t rate 

dried under a st ream of dry nit rogen at 60 °C .  

Derivatisation of samples for gas - liquid chromatography of sugars. 

The de rivat i s at ion met hod w a s  that of Va rma et al ( 1 9 7 3 a , b ) . The 

s ampl e  w a s  redi s s olved in 0 . 6  ml o f  2 . 5 % ( w / v )  hydroxyl amine i n  

pyridine , sealed and incubated a t  9 0 °C for 3 0  minute s . After cool ing 

1 . 8  ml of acetic acid w a s  added, the s ample v i a l  sealed and again 

i ncubated at 9 0 °C for 30 minute s . The derivatised s ample was dried 

unde r a st ream of oxygen- f ree nit rogen in a sand bath at 4 0 °C and 

redis solved in chlorofo rm .  

Gas - liquid chromatography of sugars. The sample w a s  analysed o n  a 

fused silica capi llary col umn, 3 0  m x 0 . 3 1 6  mm, with a l iqui d  pha se 

o f  D B - 5 , f i l m t h i c k ne s s  of 0 . 2 5 urn ( p a r t # 1 2 3 5 0 3 2 ,  J a nd W 
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S c i e n t i f i c ,  9 1  B l u e  Rav i n e Rd , F o l s om ,  C a l i f o rn i a ) .  A f l a me 

i on i z a t i on det e c t o r  was u s e d . The i n j ec t o r  w a s  a s pl i t / spl i t l e s s  

s y s t em and a s p l i t  ratio o f  1 0 : 1  w a s  u s ed . I n j ec t o r  a n d  det e c t o r  

t emp e r a t u re s  w e r e  2 6 0 ° C a n d  3 2 5 °C r e s p e c t i v e l y . T h e  o v e n  w a s  

tempe rature-programmed from 1 0 0  t o  3 0 0 °C a t  4 °C per minut e ,  with a 1 0  

minute hold a t  3 0 0 °C .  The carrier gas ( helium)  flow w a s  2 ml /minute ,  

t he ma k e up g a s  ( ni t ro gen ) 2 8  ml / mi n ut e , a i r  3 0 0  ml / mi n u t e , a n d  

hydrogen 3 0  ml /minute . An internal standard, 1 ml glucoheptose,  0 . 2 5 

mg/ ml , w a s  added t o  mo st s ample s .  Addi t i o n  o f  t he s t a nda rd before 

hydr o l y s i s  c a u sed de st ruct i on o f  t he s t a n da rd .  The s t a ndard w a s  

the r e f o re added a f t e r  the l i p i d  ext ra c t i o n ,  when the lyoph i l i sed 

sample was redi s solved in water prior to the addit ion of  ethanol . 

Chemicals .  

Lithium dodecyl sulphate ( LDS ) , horse radish peroxida s e  ( HRP ) Type IV-

A, Tween 2 0  ( P olyoxyet hylene - s o rb i t an mono l a u rate ) ,  cho l e s te rol , 

dol i chol , s i l i ca gel type GF (pa rticle s i ze 1 0 - 4 0  M ) , Tri zma ba s e ,  

Amido B a c k  a nd Cooma s s i e  B r i l l iant B l u e  R-2 5 0  we re obt a ined f rom 

Sigma Chemical Co . , St .  Loui s ,  MO . P rona se,  also obta i ned f rom S igma , 

w a s  s e l f -digested in  1 0  mg/ ml solution f o r  3 hou r s  at 3 7 °C be fore 

use . 2 -mercaptoethanol was obta ined from Reidel -de Haen . 

PVDF membrane ( Immobi l o n™) ,  pore s i ze 0 . 4 5 urn, w a s  obt a i ned f rom 

Mi l l ipore Co rporation, Bedford, MA .  4 -chloro-1 -naphthol was obtained 

f rom B i o - r a d ,  O a k l a n d ,  CA . Hydr ogen p e r o x i de , An a l a R  6 0 % ,  w a s  

obt a i ned f rom BDH , Poole , England . Concanavalin A was supplied by 

Vecto r  Laboratories I nc . , Bu rlingame , CA . Gelatin was obtained f rom 

B e c t o n , D i c ki n s on and C o . A l l  c hemi c a l s  u s ed f o r  LD S -PAGE were 

obt a i ned f rom Bio -Rad, Richmond, CA . ,  except for s uc rose and LDS . 

Chemicals  used for silver staining of gel s  were those of the Bio-Rad 

s i lver stain kit ( Cat . No . 1 6 1 - 0 4 4 3 ) , except for t ri chloroacetic acid 

and s i lver nit rate . Re s t rict i on en zymes and REact™1 reaction buffer 

w e re obt a i ned f rom Bethe s da Rese a rch Labo rat ori e s . All  water was 

f i l te red t h rough a Mi l l i -Q Reagent water system and a Mi l li stak GS 

f i l t e r  ( M i l l ipore C o rp . , Bedf o rd ,  MA . )  s o  that i t  had a min imum 

re s i s t an c e  o f  1 0  megaohms / cm .  Al l other reage n t s  were a n a l y t i c a l  

grade and all solvents were double distil led . 
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CHAPTER 4 

SUBCLINICAL PATHOLOGY AND LIPOFUSCIN ACCUMULATION I N  THE EQUINE 

THYROID GLAND . 

INTRODUCTION 

Lipofuscin accumu l a t i o n  i s  reported t o  progre s s ively increase with 

age in most organs (Munnell and Getty 1 9 6 8 ,  Porta and Hart roft 1 9 6 9 ,  

Ambani et a l  1 9 7 7 ,  Feeney -Burns et a l  1 9 8 7 ) , although t h i s  i s  not 

always the case in the human thyroid (Mat suba ra et al 1 9 8 2 ,  Ohaki et 

al 1 9 8 6 ) . I f  the qu ant ity o f  l ip o f u s c i n  i s  prima r i ly related t o  

lysosomal activity rather than to age , the level of thyroid a ct ivity 

ma y a f f e c t  t h e  t o t a l  qua n t i t y  a c c umu l a t i n g . I n  t h i s  c h a p t e r  

lipofuscin accumulation in equine thyrocytes i s  measured and compared 

to  age , indicators of  thyroid act ivity and histological abno rmalities 

i n  t h e  t hy ro g l obul i n  s t o r ed e x t r a c e l l u l a r ly a s  c o l l o i d . O t h e r  

thyroid c ha nge s ,  s ome o f  which have been prev i o u s l y  repo rted and 

des cribed as age -rel ated, a re also measured . 

SPECIAL METHODS 

Di ameters of 3 0  follicles were measured on a linea r  t rave rse o f  the 

standa rd H&E s t ained pa raffin section from each ho rse . In  addi t i on,  

each follicle was scored for t he degree of  periphe ral scalloping of  

the colloid . 

RESULTS 

Thyroid size and colour 

All thyroids u sed in t h i s  study were f rom ho rse s f ree o f  obvious 

endo c r i n e  or  s y s t emi c d i s e a se . T hy r o i ds f rom t he 3 1  h o r s e s  o f  

d i f f e r e n t  a g e s  w e r e  n o rm a l i n  g r o s s  a p p e a r a n c e b u t  v a r i e d  

c o n s iderably i n  w eight , f rom 1 0  t o  7 3  g thyroid t i s sue p e r  horse 

( mean 30  g,  s . d .  + / - 1 4 ) . The v a r i a t ion in we i ght w a s  not age­

related . 
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The t hy ro ids f rom horses in t he i r  fi rst decade of  l i f e  was usually 

da rk p i n k . I n  older horses t hey were t a n  o r  dark red-brown ( Fi g .  

4 : 1 ) . Age could n o t  be predicted f rom the degree of  browning . 

Follicle size and activity 

The fol l icle diameters a nd leve l s  o f  mac ropinocytos i s  were measured 

in  H & E  stained paraffin sections . The average diameter of  follicles 

was 1 8 0  urn . Occa s ional sma l l  f o l l i cles containing no colloid we re 

mo st l i ke l y  to be t a ngent i a l  s e c t i on s  and were exc l uded f rom the 

study . No correl ati on between average follicle diameter ( T able 4 : 1 )  

and age , or  the range of  fol licle diameters ( Table 4 : 1 )  and age w a s  

di scovered b y  linear regre s s i on . The percentage of the v ariance i n  

fol l i c le diameter due to the regres sion ( the R2 value ) w a s  only 0 . 5 0 %  

o f  the total vari ance , while that o f  follicle diamete r  range was only 

4 . 4 2 % . I n  a l l  sections , the most periphe ral folli c l e s , i n  a layer 

three to five follicles deep , had diameters roughly h a l f  those of  the 

mo re central  ones . All the thyroids sh owed macropinocyt osis ( Fig . 

4 : 2 ) in  at least some foll i cles , except that of the premature foal . 

No change i n  ove rall macropinocyt otic act ivity with age was detected 

by l i n e a r  regre s s i on of the ave rage level of  macropinocytosis onto 

a ge ( T a b l e  4 : 1 ) . T h e  p e r c e n t a g e o f  t he v a r i a n c e due t o  t he 

regre s sion (the R2 value ) was only 4 . 8 5 %  of  the tot a l  vari ance . 

Fol l i cles with squamous thyrocytes and no evidence o f  

ma c r o p i n o c yt o s i s , t he c h a r a c t e r i s t i c s  o f  ' c o l d '  f o l l i c l e s  ( s ee 

Chapter 2 ) , were rare or absent in  most individual s rega rdless of  age 

( Table 4 : 2 )  The few present we re not unusual ly l a rge compa red to  

active follicl e s . 

Lipofuscin 

L i p o f u s c i n  g r a n u l e s  w e re y e l l o w - b r o w n  o r  b r o w n  i n  H & E  s t a i ned 

sections . They were obse rved in the api cal cytoplasm o f  the ma j ority 

of thyrocytes in  horses over 7 years of  age (Fig . 4 : 2 ) . The depth of 

colour o f  the granules was con s i s tent within a s ec t i on but did not 

co r relate with age . In the ma j ority o f  horses the number and s i ze of  



Figure 4 : 1  

Gross appearance o f  f resh thyroid glands : Compa rison o f  the cut 

surfaces o f  t h e  t hy roid glands of an 18 month old f i l ly ( left ) 

and a 25 year old gelding ( right ) shows the gross colour change 

due to lipofusc in a ccumulation . 

Figure 4 : 2  

Histology o f  equine thyroid tissue : In cross section , fol l icles 

are comp o s e d  of a central ext race l l u l a r  pool o f  t hy r ogl obulin 

c a l l e d  t h e  'c o l l o i d '  ( T )  s u r r o un ded b y  a s i n g l e  l a y e r  o f  

thyrocyte s .  Thyrocyte cell nuclei ( l a rge a rrowhead) stain purple 

or dark b l ue with t h i s  stain . Yellow-brown l ipofuscin granules 

( s ma l l  a r r o w h e a d )  a r e p r e s e nt in the a p i c a l  c y t o p l a s m o f  

t h y r o c y t e s . F i b r o u s  c o nne c t ive t i s sue a n d  capi l l a r � e s  a r e  

present between fol l i c le s . Most follicles i n  this figu re show a 

la rge amo unt o f  scal l oping of the colloid indicating a high level 

of mac ropinocytosi s .  The fol li cle at upper left is an except ion . 

H&E X 1 0 0 . 





Table 4 : 1 .  Thyroid activity, presence of colloid abnormalities and numbers of lipofuscin 
granules counted in plane of section 

H o r s e  

P R  

BM 

lA 

3A 

38 

SA 

6A 

68 

7A 

9 A  

1 2A 

1 2 8  

1 2C 

1 5A 

1 5 8 

1 5C 

2 0 A  

2 0 8  

2 0 C  

2 0 D 

2 0 E  

2 0 F  

2 5A 

2 5 8  

2 5 C  

2 5D 

2 5G 

2 8 A  

2 8 8  

3 0 A  

3 5A 

Mea n  f o l l i c l e  

d i a me t e r  ( urn) 

1 1 3  + / - 5 2  

2 1 5  + / - 7 2  

1 6 0 + / - 5 9  

2 4 9  + / - 1 2 6  

1 5 1 + / - 9 1  

1 6 0  + / - 1 0 9  

2 2 9  + / - 1 1 6  

1 9 5  + / - 7 7  

1 4 8  + / - 6 4  

1 7 1  + / - 8 6  

2 4 9  + / - 1 1 1  

1 1 8  + / - 2 3 3  

1 9 5  + / - 1 1 1  

2 2 5  + / - 1 1 1  

2 6 2 + / - 1 0 5  
2 2 1  + / - 1 0 5  

9 3  + / - 3 2  

1 9 3  + / - 9 4  

1 1 7  + /  3 8  

1 1 6  + / - 4 8  

2 1 4  + / - 1 2 3  

1 4 8  + /  1 3 3  

2 0 4  + / - 1 6 5  

1 9 9 + / - 8 6  

2 0 6  + / - 1 3 3 

2 5 4  + / - 1 2 8  

2 5 4 + / - 1 4 3  

9 7  + / - 7 6  

1 9 5  + / - 1 2 3  

1 8 7  + / - 8 3  

2 0 9  + / - 1 2 8  

Macropinocy t o s i s
' 

Mea n  Range 

0 

9 

1 1  

2 

1 4  

1 2  

5 

1 3  

1 5  

1 4  

8 

1 4  

5 

1 5  
1 5  

2 0  

1 4  

1 2  

2 0  

1 3  

9 

1 9  

1 0  

1 4  

7 

1 0  

1 0  

1 4  

2 0  

0 

0 - 2 0  

0 - 1 5 

0 - 5 

0 - 2 0  

0 - 2 0  

0 - 1 0  

5 - 2 0  

0 - 2 0  

5 - 2 0  

0 - 1 0  

0 - 2 0  

0 - 2 0  

0 - 2 0  

0 - 2 0  

0 - 2 0  

0 

0 - 2 0  

0 - 2 0  

0 

0 - 2 0  

0 - 2 0  

0 - 2 0  

0 - 2 0  

0 - 2 0  

0 - 2 0  

0 - 2 0  

0 - 2 0  

0 - 2 0  

0 - 2 0  

1 0 - 2 0  

* Key t o  ma c ropi nocyt o s i s :  

Col l o i d  Abnorma l i t i e s  Granules 

( % f o l l i c l e s
* *

) / 5 0  cells 

0 

7 

5 

5 

0 

1 6  

7 

5 

6 

5 

3 

2 

8 

1 4  

1 8  
1 3  

2 

8 

3 5  

2 

1 5  

9 

2 2  

4 7  

3 6  

4 6  

2 8  

3 2  

2 1  

3 1  

6 

0 

n / a
* * * *  

0 

1 5  

2 3  

5 6  

5 0  

4 5  

2 9  

6 2  

3 5  

3 0  

9 4  

5 0  

2 8  
8 7  

5 4  

6 9  

8 2  

8 6  

6 1  

4 4  

9 2  

4 5  

9 7  

7 6  

4 0  

8 7  

3 6  

4 0  

4 1  

0 • None . 5 • Ligh t ,  < 5 0 %  of c o l l o i d  di amet e r . 

1 0  = Light > 5 0 %  of c o l l o i d  diame t e r . 2 0  = Heavy , > 5 0 %  of c o l l o i d  d i a me t e r . 

* *  Some f o l l i c l e s  c o n t a i ned more t h a n  one t y pe of c o l l o i d  abnorma l i t y . 

n / a  

n / a  

n / a  

3 0 %  

2 2 %  

5 5 %  

5 9 %  

5 9 %  

7 1 %  

5 9 %  

6 1 %  

6 1 %  

3 9 %  

7 5 %  

7 8 %  

7 9 %  

9 4 %  

7 6 % 

7 5 %  

7 4 %  

5 7 %  

7 7 %  

8 8 %  

7 8 %  

5 2 %  

4 6 %  

8 4 %  

7 6 %  

8 2 %  

5 2 %  

8 4 %  

* * *  The percent age o f  t h e  v a ri ance i n  g r a n u l e  numbe r s  due t o  t he v a r i ance i n  n u c l e i  numbe rs . 

* * * *  n / a  • not a pp l i c a b l e ;  BM w a s  n o t  s u i t ab l e  f o r  t h i s  s t a t i s t i c a l  an a l y s i s  as o n l y  5 %  o f  

f o l l i c l e s  i n  t h e  sect i on c o n t a i ned l i p o f u s c i n .  
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Table 4 : 2  Presence o f  c o l d  follicles 

H o r s e  C o l d  f ol l i c l e s  

P R  n i l  

BM nil 

lA n i l  

3 A  n i l  

3 B  nil 

SA 1 -2 per x4 f i e l d  

6 A  1 -5 per s e ct i on 

6B nil 

7A nil 

9B n i l  

1 2A nil 

1 2 B  nil 

1 2 C  1 - 5  per section 

1 5A 1 - 5  per s e ct i on 

1 5B 1 -2 pe r x 4  f i e l d  

1 5C 1 -2 pe r x 4  field 

2 0A 1 -2 per x4 field 

2 0 B  n i l  

2 0C n i l  

2 0D n i l  

2 0E 1 -2 pe r x 4  f i e l d  

2 0 F  1 -5 per s e c t i on 

2 5A 3 - 1 0 pe r x4 f i e l d  

2 5B l - 5  per s e c t i on 

2 5C n i l  

2 5D 1 - 5  per section 

2 5G n i l  

2 8A 3 - 1 0 per x 4  f i e l d  

2 8 B  n i l  

3 0A n i l  

3 5A n i l  

l ip o f u s c i n  g ranules p e r  c el l ,  a s  s e e n  i n  plane o f  s e c t ion , appea red 

even th roughout the gland . Howeve r ,  in horses y ounge r than 7 yea r s , 

l i p o f u s c i n  g r a n u l e s  w e r e  pa r t i c u l a r l y  l a rge i n  t hy r o cy t e s  o f  t h e  

sma l l  p ropo r t i o n  o f  f o l l i cl e s  cont a i n i ng abno rmal c o l l o i d ,  c ompa red 

to t h o s e  i n  t he no rmal f o l l i c l e s . The re was n o  age - re lated i n c re a s e  

i n  g r a n u l e  s i z e . S ome h o r s e s  i n  t he i r  twent i e s  h a d  p a r t i cu l a rly 

s ma l l  g r a nu l e s ,  and t he l a r ge s t  g ra n u l e s  we re f o u n d  in abno rma l 

f o l l i c l e s  i n  t he 5 yea r  o l d  h o rs e . Sma l l  numbe r s  o f  l i pofuscin-l a den 

ma c r op h a g e s  w e r e  o b s e r v e d  in t he i nt e r s t i t i a l  c on n e c t i v e  t i s s ue 

between f o l l i c l e s  i n  seve ral h o rs e s  ove r 2 0  yea rs o f  age . 
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Changes i n  colloid 

I n  m os t  f o l l i c l e s  the col l oid s t a ined an even pink c o l ou r  w i t h  H & E ,  

altho ugh knife chatter ( F i g . 4 : 3 , Fig . 4 : 4 )  wa s a f requent a rt i f a c t  o f  

proc e s s ing , due t o  the v a r i ab l e  c o n s i stency o f  the t i s sue . A number 

o f  abno rma li t i e s  i n  the appea rance o f  the colloid were noted,  s ome of 

which inc reased i n  incidence with age . Observed abn o rma l i t i e s  were : 

[ a ]  Z on e s  o f  b a s oph i l i a , u s u a l l y i n  a c e n t r a l  p o s i t i o n  

f o l l i c l e  and s h a rply dema r c at ed f rom the n o rma l col l o i d  ( Fi g . 

i n  t h e  

4 :  3 )  . 

The s e  tended t o  be more s eve rely ma rked by knife cha t t e r  than n ormal 

c o l l o i d ,  s ugge s t i ng g r e a t e r  h a r dn e s s .  In un s t a i n e d  s e c t i o n s  t h e  

b a s ophi l i c  z o ne s exhibited mode rate y e l l o w  f l u o re s cence ( Fi g . 4 : 5 , 

F i g . 4 : 6 ) , i n  contrast to the res t  o f  the col l oid . 

[ b ]  S o l i d  colloid fragment s with sha rp e dge s and angl e s  ( Fi g . 4 : 4 ) . 

Thes e  were unl i kely t o  be a rt i fa c t s  o f  proce s s ing,  because f i s sures 

between f ra gme n t s  f reque n t l y  c on t a i n e d  c e l l ul a r  debr i s  ( F i g . 4 : 4 ) . 

I n  c ont r a st t o  n o rma l c o l l o id ,  t h i s  c o l l o i d  exhibi t e d  yel low-green 

f l u o r e s cence i n  unstained section s . 

[ c ]  S p a r s e  shreds o f  c o l l o i d  i n  an o t h e rwi se empty f o l l i c l e  ( Fi g . 

4 : 7 ) C o l loid w i t h  t h i s  appea ra nce w a s  not f luorescent . 

[ d ]  Nuc leated c e l l s ,  p r e s umed t o  be de t a ched thyrocytes i n  va r i ous 

s t ages o f  aut o l y s i s  ( Fig . 4 : 4 ) . The s e  w e re fluore scent i n  u n s t a ined 

s e c t i on s . 

[ f ]  Spheri t e s , r o un de d  b a s op h i l i c  s t r u c t u r e s ,  s ome t ime s  w i t h  a n  

intense l y  basophilic cent re w h i c h  gave t hem the appea rance o f  ' f ried 

eggs ' ( F i g . 4 :  8 ) . Spheri t e s  were often mult in f o l l i cle l umina . 

I n  s ome c a s e s  t hey s t r o n g l y  r e semb l e d  s w o l l e n  a u t o l y s i ng c e l l s ,  

s ug ge s t i n g  t h a t  a t  l e a s t  s ome s p h e r i t e s  r e p r e s e n t e d  a s t a ge i n  

t h y r o cy t e  a u t o ly s i s . S p h e r i t e s  w e re i n t e n s e ly f l u o re s c e n t  

4 :  5 ) . I n  s ome , t h e  c en t ra l  c o re w a s  m o r e  f l u o r e s c e n t  t h a n  t h e  

pe r iphe ral a re a  (Fig . 4 : 5 ) . T h e  ma j o rity o f  sphe r i t e s  did not s t a i n  

f o r  c a l c ium b y  von Ko s s a ' s  method . 



Figure 4 : 3  

Basophilic zone in the colloi d :  The basophil i c  zone has a sharp 

b o r d e r . I t  i s  ma r k e d  by k n i f e  ch a t t e r ,  a n  a r t i f a c t  o f  

sectioning . H&E x 1 0 0 . 

Figure 4 : 4  

S o l i d  c o l l o i d ,  divided into f r agment s : T h e  c o l l o i d i n  t he 

follicle at centre appears solidi fied and divided into f ragments 

w i t h  s h a r p l y  de f i n e d  e dge s a n d  a n g l e s . C e l l  n u c l e i  a nd 

lipofus cin granules a re present in the col loid of  this f o l l i c le . 

The cell nuclei may be those of  detached, autolys ing thy rocytes . 

A numbe r o f  f o l l icles in this section, for example those at top 

c e n t re a n d  t o p r i g h t , s h o w k n i fe chat t e r ,  a n  a r t i f a c t  of  

sect ioning . H&E  x 4 0 .  





Figure 4 : 5  

F l u o re s cence mi c r o s c opy : T he f o l l i c l e  a t  c e n t re c o n t a i n s 

i n t e n s e l y  f l u o r e s cent spher i t e s . Lipo fuscin granules i n  the 

api c a l  cyt oplasm of thyrocyt e s  a re intens ely fluores cent . The 

l a rg e  f o l l i c le a t  l e f t  a l s o  c on t a i n s  s pheri t e s . The sma l l  

f o l l i c le a t  upper right contains a ' fried egg' -type sphe rite with 

g re a t e s t  fluores cence at  cent re .  The l a rge f o l l i c l e  at l ower 

right contains a mode rately fluorescent a rea whi ch in H&E section 

i s  a basophilic zone . Unstained x 4 0 0 . 

Figure 4 : 6  

F l u o r e s cence mi cros copy : The f o l l i cle on the l e f t  cont a i n s  

mac rophages l aden w i t h  intensely fluores cent l ip o f u s c i n . The 

follicle on the right cont ains a basophilic zone with lipofuscin 

granules in its pe riphe ry . Thyrocytes of all follicles contain 

i ntensely fluorescent lipofuscin . Unstained x 4 0 0 . 





Figure 4 : 7  

Shreds of colloid and erythrocyte s  in follicles : One folli cle 

c o n t a i n s  s h r e d s  of c o l l o i d ( S )  wh i l e  a n o t h e r  c o n t a i n s  

e rythrocytes (b)  and a small quantity of shreds o f  colloid . The 

f o l l i c l e s  immediately bene a t h  t h e  gl and capsule ( at top)  a re 

smaller than those deepe r within the gland . H & E  x 4 0 . 

Figure 4 : 8  

Sphe rite s : ' F r i ed egg ' - t ype sphe rites i n  t he c o l l oid of the 

f o l l i c le at centre a re c e l l - l i ke i n  appe arance and may develop 

f rom autolys ing cel l s . H & E  x 4 0 0  
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[ g ]  L ip o f u s c i n  granu le s ,  w h i c h  w e r e  o b s e rv e d  f re e  i n  t he c o l l o i d  

( F i g . 4 : 9 , F i g . 4 : 1 0 ) , w i t h i n  det a ched t hy r o c yt e s , w i t h i n  s p h e ri te s ,  

and w i t h i n  b a s ophi l i c  z one s ( Fi g . 4 : 1 0 ) . They w e re a l s o  o cc a s i on a l l y  

f ound a s  l a rge c l u s t e r s  w i t h i n  ma c roph ages i n  f o l l i c l e  l umi n a  ( F i g . 

4 :  9 ) . S u c h  c l u s t e r s  w e re highly f l u o re s cent ( F i g . 4 :  6 ) . L i p o f u s c i n  

g r a nu l e s  i n  t he c o l l o i d  w e re a r a re obs e rv a t i o n  i n  a lmo s t  a l l  h o r s e s  

( T a b l e  4 : 3 ) , a nd d i d  n o t  repre s e n t  a ma j o r  p ro p o rt i o n  o f  t he t o t a l 

l i p o f u s c i n  o b s e rved i n  t he g l a nd . 

[ h ]  C a l c i um oxa l a t e  c ry s t a l s ,  w h i c h  w e re i r re g u l a r l y  s h a p e d  a n d  

c o l o u rl e s s  i n  H & E  s t a i ne d  s e c t i o n s  ( F i g . 4 :  9 ) , bi r e f r i n g e n t  ( F i g . 

4 : 1 0 )  and s howed a g l a s sy grey t o  b l a c k  re a c t i on t o  v o n  K o s s a ' s s t a i n  

f o r  c a l c ium . 

[ i ]  E rythrocytes , appa r e n t l y  n o rma l o r  s l i gh t l y  pale ( F i g . 4 : 7 ) . 

I n  e a c h H & E  s e c t i o n , 2 0  h i gh p o w e r  ( x 4 0  o b j e c t i v e ) f i e l d s  w e r e  

examined s equent i a l ly a c r o s s  the w i de s t  diame t e r  o f  t he s e c t i on . The 

number of f o l l i c l e s  i n  e a c h  field was reco rded, a s  w e re the numb e r s  

o f  f o l l i c l e s  c o n t a i n i n g  a b n o rma l i t i e s  o f  c o l l o i d  ( T a b l e  4 :  1 ) . 

F o l l i c l e s  c o n t a i n i n g  a b n o rma l c o l l o i d  w e r e r a r e  i n  a lmo s t  a l l  

i n d i v i du a l s  u n d e r  1 5  y e a r s  o f  a g e . T h e y  i n c r e a s e d  s l i g h t l y  i n  

preva l e n c e  f rom 1 5  t o  2 5  y e a r s  o f  a ge . I n  c o n t ra s t  the p e r c e n t a g e  o f  

f o l l i c l e s  c on t a ining abno rma l c o l l o i d  w a s  c o n s i derably h ighe r i n  t h e  

ma j o ri t y  o f  h o r s e s  25 y e a r s  and over t h a n  i t  w a s  i n  y o u nge r h o r s e s  

( T a b l e  4 : 1 ) . A l t ho u g h  a ge - re l a t e d ,  t he t re n d  w a s  n o t  l i ne a r ,  and 

s ome aged h o rs e s ,  i n c l u di ng the o l de s t  h o r s e  i n  t h e  s t udy , h a d  few 

such f o l l i c le s .  

The percen t a ge o f  f o l l i c l e s  show ing e a c h  t yp e  o f  change a re shown i n  

T ab l e  4 : 3 . The s um o f  t he percent ages shown f o r  each h o r s e  i n  t h i s  

t ab l e  doe s n o t  a l w a y s e q u a t e  t o  t he f i g u r e  i n  T a b l e  4 . 1 , a s  s ome 

f o l l i c l e s  c o n t a ined more than o n e  t ype of abno rma l i ty . T h e re w a s  a 

t re n d  f o r  t h e  p rev a l e n c e  o f  sphe r i t e s ,  l i p o f u s c i n  i n  t he c o l l o i d ,  

n u c l e a t e d  c e l l s  i n  t he c o l l o i d ,  a n d  s h re d s  o f  c o l l o i d  t o  i n c re a s e  

w i t h  a ge . I n  cont r a s t  t he re w a s  no re l a t i o ns hip between a ge and t he 

p re v a l e n c e  o f  c a l c i um o x a l a t e  c ry s t a l s ,  e ry t h r o c y t e s , b a s op h i l i c  

z o n e s , a nd s ol i d  f r a gment s  o f  c ol l oi d .  



Figure 4 : 9 

Mul tiple abnormalities in the c o l loid : The c o l l o i d  of  t h i s  

f o l l i c l e  c o n t a i n s  a c a l c i um ox a l a t e  c r y s t a l , pigment - l aden 

ma c rophage s , ext rac ellular l i po f u s c i n  and a n  i s ol ated nuc leus 

w h i c h  ma y be t he py knot ic n u c l e us of  a n  thyrocyte undergoing 

autolysi s .  H & E  x 4 0 0 . 

Figure 4 : 1 0 

Mul t ip l e  abn o rma l i t i e s  in the colloid: The central fol l i cle 

contains a b a s ophi l i c  zone i n  which lipo f u s c i n  granules and a 

birefringent calcium oxalate c rystal a re p re sent . The thyrocytes 

of t h i s  f ol l i c le a re s quamous , a nd t he l ip o f u s c i n  granules in 

t hem a re l ocated lat e ral to  t he cell nuclei rather than the usual 

a p i c a l  l o c a t i on . H & E  x l O O  w i t h  p o l a r i s i ng f i l t e r s . T h i s  

phot omic rograph w a s  t a ken with a n  automati c  c ame ra which selected 

a l ong exposure t ime to compensate for the exclusion of light by 

t he pola r i s i ng fi lters . As a result the calcium oxalate crystal 

is ove rexposed and the bac kground , which appeared dark grey to  

black t o  t he eye , appears normally exposed . 





Table 4 : 3  F requencies of types of colloid abnormalities observed 

H o r s e  N u c l e a t e d  L i po f u s c i n  E ry t h rocyt e s  B a s op h i l i c  Oxa l a t e  Sphe r i t e s  F ragme n t s  S h reds 

c e l l s  z one s c ry s t a l s  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

P R  
8 M  1 1 3 1 
lA 2 2 

3A 
3 B  
SA 2 5 1 3  2 
6 B  1 2 3 1 

7 A  2 3 2 

9A 2 1 2 

1 2A 3 1 

1 2 B 1 1 

1 2 C  1 3 2 1 1 2 1 

1 5A 3 1 7 3 5 
1 5B 3 1 2 1 1 2  1 3 

1 5 C 2 7 1 4 1 1 

2 0A 1 1 

2 0 B  1 1 1 6 

2 0 C  1 2 1 3 2  

2 0D 1 

2 0 E  3 1 5 2 
2 0 F 2 5 2 

2 5A 2 2 4 1 1 0  4 

2 5 B  1 0  1 1 0  3 3 2 5  1 2 3  

2 5 C  8 8 1 4 2 4  

2 5D 3 1 2  2 3 6  1 

2 5G 6 3 2 1 5 1 3  7 

2 8A 3 8 3 4 2 5  

2 8 B 9 1 1 1 1 1 1  6 

3 0A 1 0  2 1 1 8  2 1 (.11 
3 5A 1 1 3 2 

-J 
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S ome c h a n g e s  t e n de d  t o  o c c u r  t o g e t h e r  i n  t h e  s ame f o l l i c l e , b u t  

o t h e r s  d i d  n o t . I n  8 3 %  o f  f o l l i c l e s  i n  w h i c h s p h e r i t e s  w e r e  

o b s e rved ,  n o  o t h e r  change w a s  p r e s e n t . The s ame w a s  t ru e  o f  7 9 %  o f  

f o l l i c l e s  c o n t a i n i n g  b a s ophi l i c  z one s ,  6 8 %  o f  fo l l i c l e s  c on t a i n i n g  

f ra gme n t e d  c o l l o i d ,  6 3 %  o f  f o l l i c l e s  c o n t a i n i n g  shreds o f  c o l l o i d ,  

a n d  7 7 %  o f  f o l l i c l e s  c o n t a i n i n g c a l c i u m o x a l a t e  c ry s t a l s .  I n  

c o n t r a s t , l i p o f u s c i n  i n  t h e c o l l o i d  w a s  a c c omp a n i e d  b y  o t h e r  

abno rma l i t i e s  i n  7 8 % o f  o c c u r re n c e s .  I n  5 9 %  o f  f o l l i c l e s  in whi ch 

l ipo f u s c i n  w a s  p r e s ent i n  the c o l l o i d ,  s ph e r i t e s  we re a l s o  pre s ent , 

i n  1 2 %  n u c l e a t e d  c e l l s  w e r e  p r e s e n t , a n d  i n  6 %  s p h e r i t e s  a n d  

n u c l e a t e d c e l l s  w e r e p r e s e n t  t o g e t h e r .  O c c a s i o n a l l y  l i p o f u s c i n 

g r a nu l e s  w e r e  embedded in sphe r i t e s .  I n  6 2 % o f  f o l l i c l e s  in w h i c h  

e ry t h r o c y t e s  w e r e  p r e s ent l n  t h e  c o l l o i d ,  o t he r  abno rma l i t i e s  w e re 

a l s o  p r e s ent . T h e s e  i n cl uded n u c l e ated ce l l s  a nd s h re d s  o f  c o l l o i d  

( 2 8 % ) , n u c l e a t e d  c e l l s ,  s h re d s  o f  c o l l o i d a n d  sphe r i t e s  ( 1 7 % ) , a n d  

nuc l e a t e d  c e l l s  a n d  l i p o f u s c i n  ( 7 % )  

w a s  a l s o  u s u a l l y a c c o mp a n i e d  

abno rma l i t i e s . 

The p r e s ence o f  n u c l e at e d  c e l l s  

b y  o n e  o r  m o r e  o f  t h e  o t h e r 

Thyrocyte l ipofuscin related t o  c o lloid abno rmalities 

C o l l o i d  abno rma l i t i e s  were mo s t  o bv i ous i n  s e c t i ons s t a i ne d  with H & E ,  

but l i p o f u s c i n w a s  mo s t  obv i o u s  i n  s e c t i on s  s t a i n e d  w i t h  S chmo rl ' s 

s t a i n  ( F i g . 4 : 1 1 ,  F i g . 4 : 1 2 ) . C omp a r i s o n  o f  the di f f e re n t  s t a i n s  o n  

s e r i a l  s e c t i o ns w a s  n e ce s s a ry t o  dete rmi ne t h e  re l at i on s h i p  between 

l ipo f u s c i n  i n  thy rocyt e s , age , a n d  c o l l o i d  abnorma l i t i e s . Lipo f u s c i n  

g r a n u l e s  i n  f o l l i c l e s  o f  h o r s e s  u p  t o  7 y e a r s  o f  a g e w e r e 

p a rt i c u l a r l y  l a rge i n  the thyrocytes o f  f o l l i c l e s  exhib i t i ng c o l l o i d  

abn o rma l i t i e s . I n  t h e  8 mo n t h  o l d  f o a l  a n d  the 1 y e a r  o l d  f o a l , 

l i p o f u s c i n  w a s  f o u n d  o n l y  i n  t h e  thy ro c y t e s  o f  a s ma l l  numb e r  o f  

f o l l i c l e s  which conta ined b a  i c ,  o f ten f r a gme n t e d ,  c ol l o i d . No 

g r a n ul e s  could be f ound in n o rma l fol l i c l e s  in uns t a i n e d ,  H & E - s t a i ne d  

o r  S c hmo rl ' s - s t a ined s e r i a l  s e c t i o n s  fr om t h e s e  t w o  f o a l s . S phe r i t e s  

o r  b a s ophi l i c  z o n e s  were p re s ent i n  5 %  o f  f o l l i c l e s  i n  t he 3 y e a r  o l d  

h o r s e  3 A ,  a n d  1 5 %  o f  f o l l i c l e s  i n  t h e 5 y e a r o l d  h o r s e . T h e  

t h y r o c y t e s  o f  t h e s e  a bn o rm a l  f o l l i c l e s  c o n t a i n e d  l a rge , i n t e n s e l y  

c o l o u re d  l ipo f u s c i n  granu l e s  ( F i g . 4 : 1 3 ) . No granu l e s  c o u l d  b e  seen 

i n  t h e  t hy rocytes of n o rmal f o l l i c l e s  i n  t h e  H&E s t a i ne d  s ect i on f rom 



Compari son of H&E and Schmorl ' s  s t ain : S e r i a l  sect i o n s  f rom the 

t hy roid gl a nd o f  SA s t a ined with H & E  ( above ) and S chmo r l ' s  s t a i n  

( b e l ow ) . Lipo f u s c in i s  muc h  more readily f ound u s i n g  S chmo rl ' s  

s t a i n , whi l e  t he ba sophi l i c  z o n e  i n  the c o l l o i d  ( l owe r r i gh t ) i s  

mo re o bv i o u s  u s i ng H & E . I n  t h e  S c hmorl ' s  s t a i ned s e c t i o n ,  the 

da r k  b l u e  l i p o f u s c i n g r a nu l e s  a r e c l e a r l y  c o nt r a s t e d  w i t h  the 

p a l e  b l u e s t a i n i n g o f  c o l l o i d  a n d c y t o p l a s m  a n d t h e  p i n k  

c ounte r s t a i ni ng o f  the c e l l  nuc l e i . 

H & E  x 1 0 0 . S chmo rl ' s  x 1 0 0 . 



Figure 4:13 . 

H & E - stained section of the 5 yea r  old horse : La rge l ipofuscin 

g r a n u l e s  a re p r e s ent i n  the t hy r o c y t e s  o f  the t w o  f o l l i c l e s  

( cent re and cent re left ) i n  which the col loid cont ains sphe rites . 

Ma c ropinocyt o s i s  i s  occurring in t hese abnormal fol l i c l e s . The 

a bno rma l f o l l i c l e  at cent re l e f t  cont a i n s  l ip o f u s c i n  g ra n u l e s  

w h i c h  a re f ree in t h e  c o l l o i d . U s ing t h i s  sta i n ,  l i p o f u s c i n  

granules a re n o t  apparent i n  t he t hyro cyt es of the fol l i c l e s  i n  

w h i c h  t h e  c o l l o i d  i s  n o rma l . The k n i fe chatter ma r k s  i n  t he 

c o l l o id o f  mo st fo l l i c l e s , and the folds in the col l oi d  o f  the 

f o l l i c l e s  at upper cent re and l ow e r  l e f t , a re a r t i f a c t s  o f  

sectioning . H & E  x 4 0 .  
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t h e s e  t w o  ho rses  ( Fi g . 4 : 1 3 ) , but o n  exami n a t ion o f  unst a ined s e r i a l  

s e c t i o n s  b y  l i gh t  mi c r o s c o py ,  sma l l  y e l l ow granules were obse rved . 

T h e s e  g r a n u l e s  s t a i n e d  w i t h  S c hmo r l ' s s t a i n  i n  s e r i a l  s e c t i on s . 

Simi l a r  granu l e s  we re found in t he f o l l i c l e s  o f  3 8 ,  a horse i n  which 

n o  c o l l oi d  abno rma l i t ie s  or a s s o c i a t ed l a rg e  g r a nu l e s  were f ound . 

L i p o f u s c i n  g r a nu l e s  o f  t he s ma l l  numb e r o f  f o l l i c l e s  c o n t a i ni n g  

abno rma l c o l l o i d  we re a l s o  l a rger a n d  more intensely c o loured t h a n  

t h o s e  o f  n o rm a l f o l l i c l e s  i n  t h e  6 y e a r  o l d  h o r s e s , i n  w h i c h  

l ip o f u s c i n  g r a n u l e s  were a l s o  o b s e rv e d  i n  no rma l f o l l i c l e s  i n  H & E  

s t a i n e d  s e c t i o n s . T h e  a b n o rma l f o l l i c l e s  w i t h  l a rge l i p o f u s c i n  

granules were p a rt ic u l arly obvi ous but a f fected only a s ma l l  number 

of f o l l i c l e s  i n  each horse and t he re f o re did not appe a r  to c ont r i bute 

g re a t l y  t o  t he ove r a l l  bu rden o f  l i p o f u s c i n  i n  t h e  t i s s u e , w h i c h  

rema ined rel a t i ve l y  l ow i n  t he young h o r s e s  ( T able 4 : 1 ) . C o l l o i d  

abn o rma l itie s became more c ommon i n  o l de r  h o r se s ,  but t hey were not 

simi l a rly a c c ompanied by particularly l a rge lipofuscin granul e s . The 

c o l o u r ,  s i z e , and numb e r  pe r ce l l  o f  l i p o f u s c i n  g ra n u l e s  s howed 

l i t t l e  variat i o n  w i t hin sections f rom o lde r horse s . 

A l t h o u g h  t h e p a r t i c u l a r l y  l a r g e  g r a n u l e s  w e r e  f o u n d  o n l y  i n  

a s s ociat ion with a bnorma l c o l l oid i n  H & E  sections f rom t h e  8 mon t h  

o l d  f oa l , t h e  1 yea r  old f o a l , the 3 year o l d  horse 3A and t h e  5 yea r  

o l d  h o r s e , f o l l i c l es w e re f o und i n  H & E  s t a i ne d  s e c t i o n s  f rom a l l  

t h e s e  h o r s e s  w h i c h  c o n t a i n e d  a b n o rma l c o l l o i d  b u t  i n  w h i c h  t h e  

t hy rocytes d i d  not c ont a i n  unusua l ly l a rge lipofuscin granul e s . 

Lipofuscin granule numbers per cell in s ect ion 

Choice of s ampl ing s ite : A s ampling s i t e  5 t o  1 0  mm f rom a p o l e  o f  a 

g l and had the a dvantage that the who l e  o f  the section could be f i t ted 

onto t he s l i de . T o  ensure that t h e  qua n t ity o f  l ip o f u s c i n  a t  t h i s  

s i t e  was rep r e s ent ative o f  b o t h  gl ands , a prel imina ry s t udy w a s  made 

us i n g  t h e  t h y r o i d s  of t w o  h o r s e s ,  2 0 8  a nd 3 5 A .  S e c t i on s  w e re cut 

f r om t h e  s i t e  c l o s e t o  a p o l e  o f  a a n d ,  f r o m  t h e  w i d e s t  

c i rcumference o f  t he s ame gland,  and f rom the wides t  c i r cumfe rence o f  

the other g la nd o f  the pai r .  Coun t s  were performed on 3 0  f o l l i c l e s  

i n  e a c h  s e c t i o n  a nd l i ne a r  regre s s i on s  c a l cu l a te d .  I n  t he c a s e  o f  

e a c h  h o rs e ,  t he t h re e  l i n e s  f e l l  w i t hi n  the standard dev i a t i o n s  o f  
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e a c h o t h e r ,  i n d i c a t i n g t h a t  t h e  p e r i p o l a r  s ampl i n g  s i t e  w a s  

r epres entat ive o f  both gl ands . 

Cho i c e  o f  s t a i n : L i p o f u s c i n  g r a n u l e s  a p p e a re d  mo r e  obv i o u s  w h e n  

s t ai ne d  t han when recogni zed b y  t he i r  n a t u r a l  c o l our i n  H & E  s e c t i on s . 

There f o re ,  s e r i a l  s e c t i ons o f  the t hyroid o f  2 5G ,  s t ained w i t h  PAS , 

S chmo rl ' s  and H & E  s t a in s ,  were c ompared . The number o f  granul e s  and 

t he n umb e r  of c e l l s  i n  plane of s e ct i on w e re counted under t h e  x 4 0  

ob j e c t ive i n  3 0  f o l l i c l e s  i n  e a c h  s ect i on . Linear regre s s ion o f  the 

numb e r  of  l ipo f u s c i n  g ranules  ont o t he numb e r  of  cell nuclei gave 

line a r  equat ions which were s olved for 1 0 0  c e l l s  ( Table 4 : 4 ) . 

Table 4 : 4 Lipofuscin granules pe r 1 0 0  cell s  in differently s t ained 

sections from horse 2 5G 

S t a i n  

H & E  

PAS 

S chmor l ' s  

Lipo f u s c i n  

4 9 / 1 0 0  c e l l s  

7 3 / 1 0 0  c el l s  

7 8 / 1 0 0  cells  

2 * R 

7 8 %  
8 6 %  
8 5 %  

* R2 ,  the c o e f f i c i ent o f  det e rmination,  indi ca t e s  the percen tage o f  

the v a ri abi lity i n  Y ( g ranule numbe r )  due t o  the vari abi lity i n  X 
( nucleus numbe r )  . The high R2 values indi c a t e  that i n  a l l  c a s e s  the 

c o r re l a t i on between the numbe r o f  cell nuclei and numbe r o f  g r a nu l e s  

w a s  high . 

c i n  g r a n u l e s  w e r e  mo s t  re adi c ou n t ed in s e c t i o n s  s t a i ne d  

w i t h  S c hmo rl ' s  s t a i n ,  beca u s e  t h i s  s t a i n  gave t he greate s t  c o nt ra s t  

be t we e n  t he g r a n u l e s  a n d  o t h e r  s t r u c t u r e s  i n  t h e  s e c t i o n ,  a n d  

t h e r e f o re t he l e a s t  r i s k  o f  c o n f u s i o n  b e t w e e n  g r a n u l e s  a n d  o t h e r  

s t r u c t u re s . G r a nul e s  i n  t h e  n o rmal f o l l i c le s  o f  t h e  young h o r s e s  

between 3 a n d  7 yea r s  o f  a ge we re s t a i ne d  w it h  S chmo rl ' s s t a i n  but 

could not be s ee n  in the H & E  s t a i ned s e c t i on ( Fig . s 4 : 1 1 a nd 4 : 1 2 ) . 

P A S  w a s  comp a r a bl e  t o  S c hm o r l ' s  a s  a s t a i n  f o r  l i p o f u s c i n  ( Ta b l e  

4 : 4 ) , b u t  o t h e r s t r u c t u r e s  i n  t he s e c t i o n ,  s u c h  a s  t h y r o g l o bu l i n ,  

w e r e  a l s o  P A S - p o s i t i v e  ( F i g . 5 : 2 ) , a n d  t h i s l a c k  o f  c o l o u r  

di s c rimination made PAS inferior t o  S c hmo rl ' s .  Of particul a r  c on c e rn 

w a s  t he r i s k  o f  mi s t a k i n g  c o l l o i d  d r o p l e t s  i n  t h e  c y t o p l a sm o f  

thyrocytes f o r  l ip o f uscin granule s .  
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Enumerat i on o f  granu l e s  a nd cel l s  pe r f o l l i c l e : Thi r t y  f o l l i c l e s  

w e r e  s e l e c t e d  f rom a S chmo rl ' s - s t a i n e d  p a r a f f i n  sect i on f rom e a c h  

h o r s e ,  t he only c r i t e r i a  f o r  sel ect i on being : 

i )  T h a t  f o l l i c l e s  w e r e  s e c t i on e d  t r an s ve r s e l y  s o  t h a t  i n di v i du a l  

c e l l s  were vi s ible f rom b a s a l  membrane t o  api c a l  membrane ( Fig . 4 : 1 2 )  

rather than tangent i a l l y  ( as i n  Fig . 5 : 1 ) . 

i i )  T h a t  n o n e  o f  t h e t hy r o c y t e s  w e r e  d i s t o rt ed o r  o b s c u re d  b y  

a r t i f a c t s  s u c h  a s  d e t a c hme n t  o f  t h y r o c y t e s  f ro m  t he b a s em e n t  

membran e , o r  folds i n  the sect i on . 

i i i )  That a range o f  f o l l icle s i ze s  was  repre s en t ed . 

L i ne a r  r e g r e s s i o n s  w e r e  c a l c u l a t e d  a n d  a h y p o t he t i c a l  f o l l i c l e  

c o nt a i n i n g  5 0  c e l l s  i n s e rted i n t o  the f i t te d  equation ( Table 4 : 1 ) . 

Lipo f u s c i n  a c cumu l a t e d  r apidly i n  t he f i r s t  f e w  ye a r s o f  l i fe but 

a ft e r  5 yea rs the number o f  lipofuscin granules in t he t hyroid gl and 

of  t he h o rse wa s not c o r related t o  t he age o f  t h e  anima l . Anima l s  o f  

t he s ame a ge di f f e re d  g re a t l y  i n  the numbe r o f  l ipofuscin granule s  

per f o l l i cl e . 

The relat i on ship between number o f  cel l s  l n  a f o l l i c l e  a nd number o f  

g r a n u l e s w a s  l i n e a r  i n  2 4 o f  t h e  2 8  a n i ma l s  s t udi e d . T h i s i s  

i l l u s t rated by the high R2 value obt a i ned f o r  most indivi dual s  ( Table 

4 : 1 ) which i s  a mea s u r e  of  t he fit of  t he l i ne a r  model . Howeve r ,  

when d a t a  f rom a l l  t h e  h o r s e s  we re p o o l e d  ( F ig . 4 : 1 4 )  t he ove r a l l  

rel a t i onship was a curv e . The w a s nea rly linear up t o  a 

f o l l i c l e  s i ze o f  approxima t e ly 1 0 0  cel l s ,  a ft e r  which t h e  numbe r o f  

granules per cell dec l ined . F o r  thi s r e a s o n  t he numb e r  o f  g r a nu l e s  

w a s  c a l c u l a t e d  f o r  a f o l l i c l e  o f  5 0  c e l l s  ( Table 4 : 1 )  . The great 

ma j o r i t y  o f  f o l l i c l e s  e x ami n e d  c o n t a i n e d  l e s s  t h a n  1 0 0  c e l l s  i n  

c r o s s - se c t i o n ,  s o  t h e  curve w a s  c a u s e d  b y  a mi n o r i t y  o f  t he t o t a l  

number o f  f ol l i cl e s  examined . 

Lipofuscin and follicle activity 

T h i r t y  f o l l i c l e s  i n  e a c h  s e c t i o n  w e r e  s c o r e d  f o r  t he l ev e l  o f  

p e r i ph e r a l  s c a l l op i n g  o f  t h e  c o l l o i d  ( F  4 :  2 ) , a h i s t o l og i c a l  



Figure 4 : 1 4 

Lipofuscin granules per cell . Data in this graph a re pooled f rom 

a l l  horses included in the granule count ing s tudy . Each point on 

the graph repre s e n t s  one fol l i c l e  i n  p l a ne o f  s e c t i o n . Mo st 

f o l l i c l e s  c o n t a i n  Le s s  t h a n  1 0 0  c e l l s  i n  s e c t i o n , a n d  t he 

re l a t i o n s h i p  b e t w e e n  g r a n u l e  n umbe r s  a n d  f o l l i c l e  s i z e i s  

approxima t e l y  l i n e a r f o r  t he s e  f o l l i c l e s . H oweve r among t he 

sma l l  numbe r of  f o l l i cl e s  exceeding 1 0 0  c e l l s  i n  sect i on ,  the re 

i s  a t rend f o r  fewe r l ipof u s c i n  g ranules pe r f o l l i c l e  as cel l  

numbers increase . 
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i n di c a t i on o f  ma c r o p i n o c y t o s i s  a n d  hence me t a b o l i c  a c t i v i t y . An 

a v e r a g e  s c o re f o r  t he l e v e l  o f  ma c ro p i n o cy t o s i s  i n  t h e  g l a nd w a s  

c a l c u l a t e d  ( T ab l e  4 : 1 ) . T h e  n umbe r  o f  l i po f u s c i n  g r a n u l e s  p e r  5 0  

c e l l s  w a s  c o mp a r e d  t o  t h i s  s c o r e b y  l i n e a r  r e g r e s s i o n . T h e  

p e r c e n t age o f  the v a r i a n c e  due t o  t he regre s s i o n  ( t he R 2  v a l ue ) w a s  

o n l y  9 . 4 5 % o f  t he t o t a l  v a ri a n c e , i n di c a t i ng t h a t  t he two phenomena 

w e r e  not r e l a t ed . I n  two h o r s e s ,  2 0 A  and 2 0 0 , a l l  f o l l i c l e s  s ho wed 

h eavy s c a l l op i ng of the c o l l o i d .  Thi s he avy mac ropinocyt o s i s  was not 

a s s o c i a t e d  w i t h  e i t h e r  a n  i n c r e a s e d  o r  de c r e a s e d q u a n t i t y  o f  

l ip o f u s c i n c ompa re d  t o  t h e  o t h e r  h o r s e s  i n  t he l a rge c o h o r t  o f  2 0 

y e a r  o l d  h o r s e s  ( T able 4 : 1 ) . 

Lipofuscin and follicle s i z e  

The n umber of S chmorl ' s -p o s i t ive lipofuscin g r a n u l e s  pe r 5 0  c e l l s  was 

a l s o  c ompa red t o  the me a n  a n d  range of f o l l i c l e  diame t e r s  for e a ch 

h o r s e  ( Table 4 : 1 ) . No c o r re l a t i on w a s  found between ave rage f o l l i c l e  

s i ze a n d  l i p o f u s c i n  a c cumul a t i on ( R2 = 0 . 2 9 % ) , o r  between t he r a nge 

o f  f o l l i c l e  s i ze s  a nd l i p o f u s c i n  ac cumu l a t i on ( R2 0 . 6 9 % ) . 

Lipofuscin and frequency o f  abnormal colloid 

I n  l i g h t  o f  t h e  a p p a r e n t  a s s o c i a t i o n i n  y o u n g  h o r s e s  b e t w e e n  

p a rt i c u l a r ly heavy l i p o f u s c i n  a c cumul a t i o n  a nd abn o rma l i t i e s  i n  the 

c o l l o i d ,  l i p o f u s c i n  g r a n u l e  n umbe r s  i n  S c hmo r l ' s s t a i n e d  s e c t i o n s  

w e r e  c ompa re d  t o  t he o c c u r re n c e o f  a l t e red c o l l o i d  i n  H & E  s t a i ned 

s e c t i o n s  f r o m  t he s ame h o r s e s  ( Table 4 : 1 ) by l i ne a r  regre s s i o n . N o  

c o r r e l a t i o n  w a s  f o u n d  b e t w e e n  g r a n u l e  n u mb e r s  a n d f r e q u e n c y  o f  

c o l l o i d  abn o rma l i t i e s  ( R2 = 1 7 . 4 1 % )  The sub j e ct ive view that t he re 

w a s  a n  a s s o c i a t i o n  between g r anule numbe r s  and f requency o f  c o l l o i d  

a b n o rma l i t i e s  i n  H & E  s e c t i o n s  f rom young h o r s e s  w a s  a lmo s t  c e r t a i n l y  

d u e  t o  the l a rge s i ze o f  t h e  granul e s , w h i c h  made t hem mo re obv i o u s . 

D I SCU S S I ON 

T h e  q u a n t i t y  o f  l i p o f u s c i n  i n c re a s e d  b e t w e e n  i n f ancy and mat u ri t y . 

H o w e v e r a f t e r  t h e  f i r s t  5 y e a r s  o f  l i f e t he r e w a s  n o  c o r re l a t i o n  

b e t w e e n  t h e  numb e r  o f  l i p o f u s c i n  g r a nu l e s  a n d  a ge . T h e re f o re t he 

de f i n i t i on ' age pigment ' w a s  not appropri a t e  t o  t h i s  l i p o f u s c i n . On 
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t h e  o t h e r  h and t he t e rm ' c e ro i d '  w a s  n o t  app rop r i a t e  e i t he r ,  b e c a u s e  

i t  w a s  n o t  u s u a l l y  a s s oc i a t ed w i t h  pat h o l o g i c a l  change , a nd t h e r e  w a s  

n o  e v i de n c e  f o r  t he i nv o l veme n t  o f  l i p i d  p e roxida t i on ( s e e  Chapt e r  

l ) . C o n s e q u e n t l y  t he l i p o p i gme n t  i s  r e f e r re d  t o  a s  l i p o f u s c i n  

t h r oughout t h i s  t he s i s . I nt e n s i t y  o f  g r a n u l e  c o l o u r  d i d  n o t  i n c re a se 

w i t h  a ge i n  h o r s e s  ove r  5 y e a r s , and t h e r e  w a s  no i n c r e a s e  i n  s i z e . 

T h e  r e s u l t s  o f  t h i s  s t u dy a r e  i n  c o n t r a s t  t o  t he c o n c l u s i o n s  o f  

M a t s ub a r a e t  a l  ( 1 9 8 2 ) a n d  O h a k i  e t  a l  ( 1 9 8 6 ) , t h a t  t h e r e  i s  a 

gene r a l  i n crea s e  i n  l ip o f u s c i n  quant i t y  w i t h  a ge i n  h uma n t hy ro i d s . 

Howeve r ,  i n  b o t h  t h o s e  s t udi e s  s ome t h y r o i ds , e ven f rom i ndi vidu a l s  

i n  t h e i r e ight h o r  ninth dec a de , c on t a i ne d  n o  l i p o fu s c i n . 

Lipo f u s c i n  i s  gene r a l l y  a s s umed t o  be an i ne rt end-p r oduct ,  re s i s t ant 

to both c a t a bo l i sm and exc re t i on ( D olman and Mac l e o d  1 9 8 1 ) . I f  t h i s  

w e r e  t r ue , t he n  t he qu a n t i t y  o f  l i p o f u s c i n  i n  t h e  t h y r o i d  s h o u l d  

p r o gr e s s i v e l y  i n c re a s e  w i t h  a ge . S i nc e  l i p o f u s c i n  g r a n ul e s  do not 

bec ome mo re nume r o u s  o r  i n c r e a s e  in s i z e with age , it is l i ke ly t h a t  

l i p o f u s c i n  i n  t h i s  t i s s u e  c a n  b e  c a t a b o l i s e d ,  and t h e re f o r e  i s  a n  

i n t e rme d i a t e  s t a g e , r a t h e r  t h a n  a t e rmi n a l  s t a ge ,  o f  l y s o s om a l  

c a t a bo l i sm .  S ome exc ret i o n o f  l i p o f u s c i n granules may a l s o  o c c u r . 

Lipo f u s c i n  g r a nu l e s  obse rved l n  t he c o l l o i d  could h ave been exc reted 

f r o m  l i v i ng t hy r o cyt e s , a l t h o ug h ,  s i n c e  we re u s u a l l y  f ound in 

a b n o rma l c o l l o i d ,  it i s  mo re l i ke t h a t t h e y  w e re re l e a s e d  f r om 

ex f o l i a t e d  t h y r o c yt e s . M a c rophages c o n t a i n i ng l i p o f u s c i n  w e re a l s o  

o c c a s i on a l l y  o b s e rved in t h e  c o l l o id . S u c h  ma c roph a g e s  may mi g rate 

t o  b e come the l ip o f u s c i n - l a de n  mac rophages o c c a s i on a l l y  obs e rved in 

t h e  i n t e r s t i t i a l  c o nnect i v e  t i s s ue , f o rmi n g  a p a t hw a y  f o r  g ra du a l  

r e m o v a l o f  l i p o f u s c i n . A l t e r n a t i v e l y ,  t h e  ma c r o p h a g e s  i n  t h e  

i n t e r s t i t i um may have been i nv o l ved i n  t he phagocyt o s i s  o f  thyrocytes 

o f  f o l l i c l e s  w h i c h  h a v e  u n de r g o n e c o mp l e t e  i nv o l u t i o n . I t  i s  

p o s s i b l e  t h a t  t h e s e m a c r o p h a g e s c a t a b o l i s e  t h e  p h a g o c y t o s e d  

l i p o f u s c i n  o r  e xp o r t  i t  f rom t he g l a nd .  Howeve r t he s e  ma c rophages 

were only o c c a s i on a l ly obse rved s o  i t  is un l i ke l y  t ha t  t hey rep r e s ent 

a ma j o r  pathway f o r  the removal of l i p o f u s c i n  f rom t h e  thyroid gl and . 

T h y r o i d  l i p o f u s c i n  g r a n u l e s  a r e l y s o s oma l i n  n a t u re ( I v e s  e t  a l  

1 9 7 5 ) . S u b s t r a t e  may e n t e r l y s o s ome s by o n e  o f  t h re e  p r o c e s s e s ;  
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t h e l y s o s om a l  d e g r a d a t i o n  o f  c o n s t i t u e n t s  o f  t h e  c e l l  i t s e l f .  

Endocy t o s i s  i s  t h e  de grada t i o n  o f  mat e r i a l  w h i c h  o r i g i n a t e s  out s i de 

t h e c e l l . C r i n o p h a gy i s  t h e  l y s o s oma l d e g r a da t i o n  o f  s e c re t o ry 

mat e ri a l  w h i c h  i s  n o t  se c re t e d  { de D uve 1 9 6 9 ,  F a rquh a r 1 9 6 9 ) . 

The ma j o r s o u rce o f  mat e ri a l  f o r  l y s o s omal degrada t i o n  i n  t hy r o cyt e s  

i s  e n d o c y t o s i s  o f  c o l l o i d ,  a nd m a t e r i a l  f o u n d  i n  l i p o f u s c i n  i s  

t h e re f o re mo s t  l i ke l y  t o  o ri g i n a t e  f rom e ndocyt o s i s . T h e  l o w  numb e r s  

o f  l i p o f u s c i n  g r a nul e s  i n  except i o n a l ly l a rge f o l l i c l e s  { Fi g . 4 : 1 4 )  

s up p o r t s t h i s  h yp o t h e s i s ,  b e c a u s e  v e r y  l a rg e  f o l l i c l e s  a re l e s s  

a c t i v e  i n  e n d o c y t o s i s  t h a n  s ma l l e r  f o l l i c l e s  { T i c e 1 9 7 7 ) . T h e  

a s s o c i a t i o n  o f  c o l l o i d  a b n o rm a l i t i e s  w i t h  i n c re a s e d l i p o f u s c i n  

f o rma t i o n  o b s e rved i n  t he young h o r s e s  may ,  a t  l e a s t  i n  p a rt , re f l e c t  

a t t em p t e d  c a t a b o l i s m o f  t h y r o g l o b u l i n  t h a t  h a s  u n de r g o n e  s ome 

phy s i c a l  o r  chemi c a l  c h a n g e . A u t opha gy of c e l l u l a r  c o n s t i t u e n t s  

p roba b l y  a l s o  cont ribut e s  t o  l ip o f u s c i n ,  a l t h ough i t  w o u l d  rep r e s e n t  

a mi n o r p roportion o f  s ubs t ra t e  i n  n o rma l thyrocyt e s . 

T rue c r i n op h a gy , w i t h o u t  p r i o r  exp o r t o f  t he thyro g l o b u l i n  t o  t he 

c o l l o i d ,  h a s  not been report e d  i n  t hyrocyt e s . Unl i ke o t h e r  s e c re t o ry 

c e l l s , t h e  t hyrocyte st o re s  s e c re t o ry produ c t  a s  i n a c t ive proho rmone 

in an e x t r a c e l l u l a r  p o s i t i o n . B o t h  s y n t h e s i s  a nd e n do cyt o s i s  o f  

t hy r o g l o b u l i n  a re s t imu l a t e d  by T S H  ( T i ce 1 9 7 7 ) , but a s  t hy r o cyt e s  

b e c o me l e s s  a c t i ve , 

f o rme d t hy r og l o bu l i n  

e ndocyt o s i s  c e a s e s  

c e a s e s  ( S t uder 

b e f o re s e c r e t i o n  of n e w l y  

1 9 7 8 ,  Gerb e r  e t  a l  1 9 8 7 )  

w i t h  t he r e s ul t  t h a t  t he c o l l o i d  p o o l  i s  l a rge in f o l l i c l e s  o f  l ow 

a c t i vi t y  ( T i c e  1 9 7 7 ,  S t ude r e t  a l  1 9 7 8 ,  Ge rbe r et a l  1 9 8 7 ) . S i n c e  

t hy r o c yt e s  c a n  s t o re e x c e s s  s uppl i e s  o f  t hy rogl obu l i n  i n  t h i s  w a y ,  

t rue c ri n ophagy i s  n o t  l i ke l y  t o  b e  requ i red t o  regu l a t e  i t . 

Even t u a l  c e s s a t i on o f  thyrogl obu l i n  s e c re t i o n ,  a f t e r  endocyt o s i s  h a s  

c e a s e d ,  m a y  b e  d u e  t o  c o mp r e s s i o n o f  t h e a p i c a l  m e mb r a n e  a n d  

cyt o s k e l e t o n  by t h e  e x c e s s i v e  qu a n t i t y  o f  c o l l o i d  i n  t h e  f o l l i c l e  

( S t ude r e t  a l  1 9 7 8 ,  Gerber e t  a l  1 9 8 7 ) . The o ret i c a l ly ,  c r inophagy 

mi ght be n e ce s s a ry i f  thyrog l obu l i n  s e c re t i on was p revented i n  t h i s  

way . I f  c ri nopha gy we re t o  o c c u r  unde r t h e s e  ci rcums t a n c e s  and l ead 
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t o  lipo f u s c i n  a ccumu l at i on , t h e n  l i p o f u s ci n  w o u l d  b e  mo s t  abundant i n  

l a rge , i n a ct i ve f ol l i c l e s . I n  t h i s  s t udy , ve ry l a rge f o l l i c l e s  w i t h  

o v e r  1 0 0  t hy r o c yt e s  i n  c ro s s - s e c t i o n  c h a r a c t e r i s t i c a l l y c o n t a i ne d  

l e s s  l i p o f u s c i n ,  r a t h e r  t h a n  m o r e , t h a n  s ma l l e r  f o l l i c l e s  ( F i g . 

4 : 1 4 )  . O v e r a l l  t h e r e w a s  n o  c o r r e l a t i o n  b e t w e e n t h e n u mb e r o f  

l i po fus c i n  g ra nu l e s  and f o l l i c l e  s i z e o r  ma c r opinocy t o t i c  a c t i v i t y . 

A p a t ho l o g i c a l  f a i l u re o f  exocyt o s i s  c o u l d  a l s o  l e a d  t o  c ri nophagy . 

H o w e v e r ,  a f a i l u r e o f  ex o c y t o s i s  w o u l d  l e a d  t o  a f a i l u r e  o f  

endocyt o s i s ,  b e c a u s e  exocyt o s i s  o f  n e w l y  s y n t he s i s e d  t hy ro g l obul i n  

a l w a y s  p r e c e d e s  m a c r o p i n o c y t o s i s  o f  c o l l o i d  ( v a n  d e n  H o v e ­

V a n d e n b r o u c k e  1 9 8 0 )  . T h e  o b s e rv a t i o n  o f  m a c r o p i n o c y t o s i s  i n  a 

f o l l i c l e  i s  t h e r e f o r e e v i de n c e  t h a t  e x o c y t o s i s  i s  f u n c t i o n i n g 

n o rma l ly . Lipo f u s c i n  i s  f ound i n  t hy rocyt e s  i n  whi c h  

mac ropi n o cyt o s i s  i s  o c c u r ring ( F i g . 4 : 2 , F i g . 4 : 1 2 ) , w h i c h  mi l i t a t e s  

a g a i n s t  l ip o f u s ci n  b e i n g  p roduced b y  c ri n ophagy . 

The re i s  e v i de nce t ha t  l i po f u s c i n  i n  o t h e r  t i s s ues a c c umul a t e s  mo re 

r a p i d l y  a s  c e l l u l a r  a c t i v i t y  i n c r e a s e s  ( s e e  C h a p t e r  1 ) . Me a n  

f o l l i c l e  s i z e a n d  me a n  m a c r o p i n o c y t o t i c  a c t i v i t y  a r e i nd i c e s  o f  

f o l l i c l e  a c t ivity . Mac ropi n o cyt o s i s  w a s  a f e a t u re o f  a l l  t he equ i ne 

thyroids except t h a t  o f  t he p r ema t u re f o a l , and wa s n o t  a c c ompa n i ed 

by o t he r s i gns of t h y r o i d  hype r a c t i vi t y s u c h  as c o l umn a r  thyrocytes 

o r  pauc i t y  of c o l l o i d .  There f o re i t  a ppe a r s  that ma c ro p i n o cyt o s i s  i s  

a n o rma l f e a t u re i n  t h e  e qu i n e  t hy r o i d ,  a s  i t  i s  i n  t h e  t hy r o i d  o f  

t h e  r a t  ( Lupu l e s cu a n d  P e t r o v i c i  1 9 6 8 ) . N o  c o r rel a t i o n  b e t w een t he 

indi c e s  o f  f o l l i c u l a r  act ivity and t h e  qu ant i t y of l ip o f u s c i n  i n  t he 

t h y r o c y t e s  w a s  f o u n d . H o w e v e r  ma c r o p i n o c yt o s i s  i s  a t r a n s i e n t  

phenomeno n ,  w h i ch c a n  change drama t i c a lly w i t h i n  3 0  mi n u t e s  ( v a n  den 

H ove-Vandenb roucke 1 9 8 0 ) , and f o l l i c u l a r  diame t e r  c a n  a l s o  c ha n ge i n  

a f e w  d a y s  u n d e r  expe rime nt a l  c ondi t i o n s  ( Ma hmoud e t  a l  1 9 8 6 ) , s o  

nei the r c a n  be rega rded a s  i n di c a t o r s  of t he l ong- t e rm s t at u s  o f  t he 

t hy r o i d  g l a n d . T h e  f e w  f o l l i c l e s  i n  w h i c h  o v e r 1 0 0  c e l l s  w e r e 

c o u n t e d  c o n t a i n e d  l e s s  l i p o f u s c i n  p e r  c e l l  t h a n  t h e  m a j o r i t y  o f  

f o l l i c l e s  ( F i g .  4 : 1 4 ) . T h e  e x c e p t i o n a l  s i z e o f  t h e s e  f o l l i c l e s  

i n di c a t e s  t h a t  t he y  a re l e s s  a c t i v e  i n  endocyt o s i s  a nd c a t ab o l i sm 

t han t he sma l l e r  f o l l i c l e s  ( Ti c e  1 9 7 7 ) 



6 6  

T h e  a b n o rma l i t i e s  i n  t h e  c o l l o i d ,  s u c h  a s  b a s ophi l i c  z o ne s ,  s o l i d  

c o l l o i d  f r a gmen t s ,  and sphe r i te s ,  a re i n di c a t i ve o f  a l t e r a t i o n  i n  t h e  

p h y s i c a l  s t a t e  o f  t h e  t h y r o g l o b u l i n .  S p h e r i t e s  h a v e  t h e  s ame 

mo rphol ogy as the ' ba s ophi l i c  granu l e s ' de s c r i be d  by Capen ( 1 9 8 5 )  and 

the ' P s ammoma b o di e s '  of Berthe z ene and G r e e r  ( 1 9 7 4 )  who s howed t h a t  

t h e s e  s t ru c t u r e s  cont a i n  t hyroglobu l i n . I n  t h i s  s t udy s ome sphe r i t e s  

h a d  a ' f ri e d  e gg ' - l i ke appea rance w h i c h  s ugge s t e d  a c e l l  n u c l e u s  a n d  

c y t o p l a s m .  T h i s mo r p h o l o gy s u gg e s t s  t h a t  de t a c h e d ,  a ut o l y s i n g 

t h y r o cyt e s  m a y  s e rve a s  f o c i  f o r  s phe r i t e  f o rmat i o n , a n  a rgume n t  

s uppo rted b y  t h e  a s s o c i a t ion o f  l i p o f u s c i n  a n d  nucleated c e l l s  i n  t h e  

c o l l o i d  o f  t h e  s ame f o l l i c l e a s  s p h e r i t e s . Furthe rmo r e , s phe r i t e s  

we re u s u a l l y  a l s o  pre s ent i n  t he sma l l  n umb e r  o f  f o l l i c l e s  i n  w h i c h  

l i p o f u s c i n  w a s  o b s e r v e d  i n  t h e  c o l l o id . I f  l ipo f u s c i n  i s  re l e a s e d  

i n t o  t h e  c o l l o i d f r o m  dy i n g  t h y r o c y t e s ,  t h e  t hy r o c y t e s  m a y  b e  

o b s e rved a s  n u c l e a t e d  c e l l s  e a r l y  i n  a u t o ly s i s  and a s  sphe r i t e s  i n  

advanced a u t o l y s i s . 

P u l mo n a ry ' c o rp o r a  a my l a ce a '  w h i c h  a r e f o u n d  i n  a s s o c i a t i on w i t h  

c h r o n i c  nonprogre s s ive pneumo n i a  i n  l ambs have been s hown t o  c o nt a i n  

de oxy r i b o n u c l e op r o t e i n s , r i b o n u c l e op ro t e i n s , a nd g l y c op r o t e i n s , and 

c o rp o r a  amy l a ce a  have a l s o  been rep o r t e d  i n  b ov i ne mamma ry g l a n d  and 

h um a n  p r o s t a t e  ( L i n  et al 1 9 8 9 ) . C o rp o r a  a my l a c e a  r e s emb l e  t h e  

s p h e r i t e s  f o u n d  i n  e q u i n e  t h y r o i d  i n  t h a t  t h e y  a r e o v o i d  a n d  

c o n c e n t r i c a l  l ami n a t e d ,  a nd i t  a p p e a r s p r o b a b l e t h a t  c e l l u l a r  

c o n s t i t ue n t s  c o n t ribute t o  b o t h . 

W h i l e  mo s t  types o f  c o l l o i d abno rma l were u s u a l l y  t h e  o n l y  c h a nge 

p re sent in a f o l l i c l e , l ipo f u s c i n  in t h e  c o l l o i d , nuc l e a t e d  c e l l s  i n  

t he c o l l o i d ,  a n d  e ry t h ro cyt e s  i n  t h e  c o l l o i d  we re u s u a l l y  a c c ompa n i e d  

b y  o n e  o r  mo r e  o f  t h e  o t h e r  a b n o rma l i t i e s ,  a n d  a re l i ke l y  t o  b e  

c o n s equen c e s  o f  t hem . 

L i p o f u s c i n  a c c u mu l a t i o n w a s  p a r t i c u l a r l y  h e a v y i n  t h e  s ma l l  

p ro p o r t i o n  o f  f o l l i c l e s  i n  y o u n g  h o r s e s  w h i c h c on t a i n e d  a b n o rmal 

c o l l oi d ,  and was re s t r i c t ed to such f o l l i c l e s  i n  t he 8 mon t h  old f o a l  

a n d  t h e  1 y e a r  o l d  f o a l . H oweve r i t  i s  unl i ke l y  t h a t  t h e  deve l opment 
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o f  a b n o rm a l i t i e s  i n  t h e  c o l l o i d  i s  a n e c e s s a r y p r e c u r s o r  t o  

l i p o f u s c i n  f o rm a t i on i n  t hy r o c y t e s .  Abn o rma l i t i e s  i n  t h e  c o l l o i d  

we re r a re i n  mo s t  i ndi v i dua l s  unde r 2 5 yea r s  o f  age ( T able 4 : 1 ) , but 

l i p o f u s c i n  b e c a me w i de l y  a nd eve n l y  di s t r ib u t e d  t h r ou g h o u t  n o rm a l  

f o l l i c l e s  i n  s e c t i on s  f r om h o r s e s  o f  5 ye a rs a n d  ove r .  I n  3A, t h e  5 

y e a r  o l d  h o r s e  and t he 6 y e a r  o l d  h o r s e s , l ip o f u s c i n  w a s  a l s o  p r e s e nt 

i n  n o rm a l  f o l l i c l e s ,  a l t h o u gh t h e  g r a n u l e s  w e re s ma l l e r  a nd l e s s  

o bv i o u s  t h a n  t h o s e  i n  a bn o rma l f o l l i c l e s . S imi l a r  sma l l  g r a n u l e s  

w e r e  p r e s e n t  i n  t he n o rma l f o l l i c l e s  o f  h o r s e  3 B . 

G i v e n  t he u b i qu i t o u s  o c c u r r e n c e  o f  l i p o f u s c i n  i n  n o rm a l t h y r o i d  

f o l l i c l e s  o f  ma t u re h o r s e s ,  i t  i s  l i k e l y  t h a t  i n  mo s t  t hy r o c yt e s ,  

l ip o f u s c i n  g r a n u l e s  a re n o rmal i nt e rmedi at e s  o f  l y s o s omal c a t ab o l i sm .  

T h e  v a r i a t i o n i n  t h e  qu a n t i t y  o f  l i p o f u s c i n  a c c umu l a t i n g  b e t w e e n  

mat u re ho r s e s  c o u l d  r e f l e c t  di f f e re n c e s  i n  t h e i r met a b o l i c  r a t e s ,  

p a r t i cu l a r ly t h e  r a t e  o f  p r o t e o ly s i s . 

T h e  s t r o n g  a s s o c i a t i on o b s e rved i n  y o u n g  h o r s e s  b e t w e e n  a b n o rm a l  

c o l l oi d  a n d  n ume ro u s  l a rge l i p o fu s c i n  gran u l e s  may re f l e c t  e i t h e r  t he 

a t t emp t ed c a t ab o l i sm o f  abno rmal s ubs t ra t e ,  o r  an imp a i r e d  l y s o s oma l 

s y s t em in t he c e l l s  o f  the a f fected f o l l i c l e s . C a t a bo l i sm o f  c ol l oi d  

c ould be de l ayed i f  t h e  c o l l o i d  w a s  p a r t i a l ly dehydrated o r  c o n t a i ned 

c e l l u l a r  d e b r i s . A l t e r n a t i v e l y , t h e p r i m a ry d e f e c t  c o u l d  be 

i mp a i r me n t  o f  l y s o s o m a l c a t a b o l i s m ,  w i t h  l a r g e  q u a n t i t i e s  o f  

l ip o fu s c i n , a n  i n t e rmedi a t e  s t age o f  c a t ab o l i s m ,  ac cumu l a t i n g  i n  t h e  

c e l l s . U n de r s u c h  c o n di t i o n s  a f e e db a c k  me c h a n i sm c o u l d  ex i s t t o  

p r e v e n t  f u r t h e r  e n do cy t o s i s  o f  c o l l o i d ,  w i t h  t he re s u l t  t h a t  t h e  

c o l l o i d  i n  t he f o l l i c l e  l ume n i s  s t o red f o r  abno rm a l  l o ng pe r i ods 

a n d  c o n s eq u e n t l y  dev e l o p s  a b n o r ma l i t i e s . H owe v e r ,  i f  l y s o s om a l  

imp a i rme n t  p re c e de s  c o l l oi d  a bn o rma l i t i e s , s ome f o l l i c l e s  s h o u l d  b e  

p r e s e n t  w i t h  l a r g e  l i p o f u s c i n  g r a n u l e s  b u t  w i t h o u t  c o l l o i d  

abnorma l i t i e s . S uch f o l l i c l e s  w e re n o t  p r e s e n t  i n  the y o u n g  h o r s e s , 

a l t hough f o l l i c l e s  w i t h  abno rma l c o l l o i d  but wit hout l ip o f u s c i n  we re 

p re s e n t . 

d e f e c t  

T h i s  c o u l d  i n di c a t e  t h a t  abno rma l s ub s t ra t e  i s  t he p r ima ry 

i n  t h e  f o l l i c l e s , b u t  t h i s  i s  u n l i k e l y  t o  b e  t h e  f u l l 

expl a n a t i on b e c a u s e  abno rmal c o l l o i d  doe s  n o t  appea r t o  p r ov o k e  he avy 

a c c u mu l a t i o n o f  l a r g e  l i p o f u s c i n  g r a n u l e s  i n  o l de r  h o r s e s . 



6 8  

A l t e rn a t ivel y ,  t h e  a b n o rma l c o l l o i d  a n d  t he l i po fu s c i n  a c c umu l a t i o n  

m a y  o c c u r  t og e t he r ,  b o t h  r e f l e c t i n g  s ome a b n o rma l i ty o f  f o l l i c u l a r  

f u n c t i o n . N o t h i n g  i s  known about how l o n g  e a c h  phenome n on p e rs i s t s . 

Abno rmal c o l l o i d  may t ake l o nge r t o  r e s o l ve than l i po f u s c i n ,  a n d  t he 

f o l l i c l e s  c o n t a i n i n g  abn o rma l c o l l o i d  b u t  w i t h out l a rge l i p o f u s c i n  

g r a n u l e s  may t h e r e f o re be i n  a s t a ge o f  r e c ove ry . A l t e rn a t i ve l y , 

t h e s e  f o l l i c l e s  m a y  b e  l e s s  s e v e r e l y  a f f e c t e d ,  s o  t h a t  c o l l o i d  

t u rnove r i s  de l a y e d  s u f f i c i e n t l y  t o  a l l ow c o l l oi d  abnorma l i t i e s  t o  

deve l o p ,  but c a t ab o l i sm p r oc e eds a t  a p a c e  s u f f i c ient t o  prevent t h e  

bui ldup o f  l a rge l i po f u s c i n  granule s . 

T h e  a b s e n c e  o f  t h e  l a rge l i p o f u s c i n  g r a n u l e s i n  o l de r h o r s e s  i s  

di f f i c ul t t o  expl a i n ,  b e c a u s e  abno rma l i t i e s  i n  the c o l l o id o c c u r  i n  

o l de r h o r s e s  a n d ,  p a r t i c u l a r l y  i n  h o r s e s  o f  2 5  y e a r s  a n d  o l de r ,  

i n c re a se i n  f re quency . I t  i s  known t h at i ndivi dua l f o l l i c l e s  va ry i n  

t he i r  i nherent r e s p o n s i v en e s s t o  T S H  ( T i c e  1 9 7 7 ,  S t ude r e t  a l  1 9 8 9 )  

a n d  i t  i s  p r o b a b l e  t h a t  t h e y  a l s o  v a ry i n  t h e i r r e s po n s i v e n e s s  t o  

o t h e r  f a c t o r s , i n c l u d i n g  t h o s e  t h a t  c a u s e  a dec l i n e  i n  l y s o s om a l  

a c t ivity . The abno rmal f o l l i c l e s  i n  t he y o ung h o r s e s  may be t ho s e  a t  

o n e  e x t reme o f  a r a n g e  o f  l e ve l s  o f  l y s o s oma l a c t i v i t y , w i t h  a 

p a r t i c u l a r l y  l ow i nh e r e n t  l ev e l  w h i c h  b e c ome s appa rent a s  t h e  f oa l  

m a t u r e s  a n d  i t s  m e t a b o l i c  r a t e  d e c l i n e s . T h e  a b s e n c e  o f  s u c h  

f o l l i c l e s  i n  ma t u re h o r s e s  c o u l d  b e  b e c a u s e  t he s e  ' l ow a c t  

f o l l i c l e s  h a v e  i nv o l u t e d a n d  d i s a p p e a r e d , o r  b e c a u s e  t h e y  h a v e  

' re c ove re d '  a nd o p e r a t e  w i t h i n  c l o s e r  l imi t s  of home o s t a s i s .  C o l l o i d  

a b n o rma l i t i e s  i n  o l de r  ho r s e s  may o c c u r  in t he p r e s ence o f  h e a l t hy 

c e l l s  w i t h  h e a l t h y l y s o s o m a l s y s t e m s , w h i c h  c a n  c o p e  w i t h  

abnorma l i t i e s  i n  t he s ubs t ra t e , s o  t h a t  l a rge l ip o f u s c i n  g r a nu l e s  do 

not f o rm .  

T he cons i de r a b l e  v a ri abi l i ty i n  t h e  we i gh t  o f  t hy r o i d  g l a nd s  u s e d  i n  

t h i s  s tudy w a s  n o t  r e l a t e d  t o  a ge and w a s  n o t  due t o  t h e  devel opmen t  

o f  c o l d  f ol l i c l e s . T h e  a ge - re l a t e d  i n c re a s e i n  r a nge o f  f o l l i c le 

s i z e s  repo rt e d  i n  othe r spec i e s  ( D oni a ch 1 9 7 8 ,  Wol lman 1 9 8 0 )  w a s  not 

f ound i n  t h e  e qu i ne t hy ro i d .  N o  de c l i ne i n  f o l l i c l e  s i ze i n  a dv anced 

a ge o c c u r r e d ,  i n  c o n t r a s t  t o  t h a t  o b s e r v e d  in s e n e s c e nt h u m a n s  

( D o n i a c h 1 9 7 8 )  The rep o rt e d  a g e - de p endent i n c r e a s e  i n  f o l l i c l e s  
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cont a i ning c a l c i um oxa l a t e  crys t a l s  i n  human t hyroid ( D o n i a c h  1 97 8 ,  

Rei d  e t  a l  1 9 8 7 ) , w a s  n o t  obse rved i n  the h o r s e  thy roi d ( T ab l e  4 : 3 ) . 

SUMMARY 

There i s  no age - re l at e d  inc re a s e  i n  t he quant i t y ,  s i z e  o r  c o l o u r  o f  

l i p o f u s c i n  g r a n u l e s  e x c e p t  b e t w e e n  i n f a n cy a nd ma t u r i t y . I t  i s  

t h e re f o re probab l e  t h a t  l i p o f u s c i n  i n  t h i s  t i s s ue i s  n o t  a n  i ne rt 

end-p roduc t , but c a n  be c a t a bo l i s e d . 

L i p o f u s c in i s  u b i q u i t o u s  a n d  e v e n l y  d i s t r i b ut e d  i n  t h y ro c yt e s  o f  

n o rma l f o l l i c l e s  i n  m at u re h o r s e s . Ve ry l a rge f o l l i c l e s , whi c h  a re 

l i ke l y  t o  be l e s s  a c t i ve than t h o s e  o f  a v e r a ge s i ze , c o n t a i n  l e s s  

l ip o f u s c i n  p e r  c e l l . I t  i s  concluded t h a t  l ipo f u s c i n  i s  probably a 

n o rma l i n t e rmed i a t e  s t a ge i n  l y s o s oma l c a t a b o l i sm i n  a dul t h o rs e s .  

I t  i s  m o s t  l i k e l y  t h a t  l i p o f u s c i n  i n  t hy r o c y t e s  i s  p r i n c i p a l l y 

de rived f r om endo c y t o s e d  ma t e ri a l . 

T h y r o i d  f o l l i c l e s  c o n t a i n i n g  a b n o rm a l  c o l l o i d  a r e  r a re i n  y o ung 

h o r s e s  but there is a ma rked i ncrease i n  f requency o f  t he s e  f o l l i c le s  

i n  h o r s e s  o f  2 5  y e a r s  a n d  o ve r . S ome a bn o rma l i t i e s  a p pe a r  t o  be 

a l t e r a t i on s  i n  t he p hy s i c a l  propert i e s  o f  t he col l o i d  whi l e  o t h e r s  

m a y  a ri se f rom t he a ddi t i on o f  e x f o l i a ted t hy rocyte s . 

E x t r a c e l l u l a r  l i p o f u s c i n  g r a n u l e s  w e re s ome t i me s p r e s e n t  i n  t he 

c o l l oi d ,  u s u a l l y  a c c ompanied by other a b n o rma l i t i e s  o f  c o l l o i d . The 

p r e s e n c e  of l i p o f u s c i n  in t he c o l l o i d  i s  t he r e f o re mo s t  l i ke l y  t o  

o c c u r  s e conda ry t o  o t h e r  abnorma l i t i e s . 

I n  h o r s e s  unde r 7 y e a r s  of age , l ip o f u s c i n  granules we re pa rt i c u l a rly 

l a r g e  in r a r e f o l l i c l e s  c o n t a i n i n g a b n o rma l c o l l o i d . H o w e v e r ,  

a c c umu l a t i o n  o f  s ma l l e r  l i p o f u s c i n  g r a nu l e s  i n  t h y r o c y t e s  o f  n o rma l 

f o l l i c l e s  o c c u r re d  c on c u r r e n t l y  in h o r s e s  o f  3 yea r s  a n d  ove r ,  and 

t h e  r e l a t i o n s h i p  b e t w e e n  a b n o rm a l  c o l l o i d  a n d  l a r g e  l i p o f u s c i n  

g r a n u l e s  d i s a p p e a r e d  e n t i r e l y  i n  h o r s e s  o v e r  7 y e a r s  o f  a g e . 

T h e r e f o r e , t h e  p r e s e n c e  o f  a b n o rma l c o l l o i d  i s  n o t  a n e c e s s a ry 

p r e c u r s o r  t o  t h e  a c c umula t i o n  of l i p o f u s c i n  in t hyrocyt e s . 
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T h e  f o l l i c l e s  c o n t a i n i n g a b n o rma l c o l l o i d  a n d u n u s u a l l y l a r g e  

l ip o f u s c i n  granu l e s  i n  t he young h o r s e s  may repre s ent o n e  ext reme o f  

a r a n ge o f  rat e s  o f  l y s o s oma l c a t abo l i s m .  S uc h  f o l l i c l e s  w e re n o t  

p re s e n t  i n  o l de r h o r s e s , a nd may e i t he r  i nv o l u t e  and di s appe a r ,  o r  

t he i r  l y s o s oma l f u nc t i on may have a l t e red t o  bec ome c l o s e r  t o  t h a t  o f  

o t he r f o l l i c le s . 
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CHAPTER 5 

LIPOFUSCIN I N  THE EQUINE THYROID GLAND : 

H I STOCHEMICAL AND MORPHOLOGICAL HETEROGENEI TY 

INTRODUCTION 

R e a c t i o n s  t o  a r a n g e o f  h i s t o l o g i c a l  s t a i n s  a n d  t h e c o mp l e x  

u l t r a s t ruct u re de s c r i be d  i n  the l i t e ra t u r e  s ugge s t  t h a t  l i p o f u s c i n  i s  

h e t e roge n e o u s  i n  c ompo s i t i on . A s  re c o rde d i n  t h e  p revi o u s  c h a pt e r ,  

t h e  quan t i t y  o f  l i p o f u s c i n  i n  equine t h y r o cy t e s  i s  n o t  a ge -dependent 

i n  adu l t  h o r se s ,  and s ome abno rma l i t i e s  in t he c o l l oi d  a re a s s oc i a t ed 

w i t h  p a r t i c u l a r l y  l a rg e  l ip o f u s c i n  g r a n u l e s  i n  t he t h y r o c y t e s  o f  

y oung h o r se s . Th i s  s ugg e s t s  t h a t  l i p o f u s c i n  f o rmat i o n  i n  thyrocy t e s  

i s  n o t  me rely t he a c c umul a t i o n  o f  i ne r t  r e s idual deb r i s  f rom a s i ng l e  

t ype o f  c el l ul a r  ' a c c i de n t '  a s  p r op o s e d  b y  t he l i p i d  p e r o x i da t i o n  

t h e o r y , a n d  t h a t  t h y r o i d  l i p o f u s c i n  c a n  b e  a t  l e a s t  p a r t i a l l y  

c a t a b o l i s e d . 

h e t e r o geneity . 

I f  s o ,  t h i s  c o u l d  a l s o  g i v e  r i s e  t o  c h e m i c a l  

T h i s  c h a p t e r  r e p o r t s  t h e  h i s t o c h e m i c a l  h e t e r o g e n e i t y  a n d 

u l t ra s t ru c t u r a l  c h a r a ct e r i s t i c s  o f  t h y r o i d  l i po f u s c i n , and t h e  

u l t r a s t ruc t u r a l  rel a t i onship o f  l i p o fu s c i n  g ranules t o  o rganel l e s  i n  

t he s ame c e l l . 

RESULTS 

Fluorescence and Histochemistry 

U n s t a i n e d  S e c t i o n s : B e c a u s e  o f  t h e  n a t u r a l  y e l l o w c o l o u r  o f  

l i p o f u s c i n  g r a n u l e s  t h ey c o u l d  b e  f o u n d  i n  u n s t a i ne d  s e c t i o n s  by 

l ight mi c ro s c opy . A l t hough l ip o f u s c i n  g r a n u l e s  c o u l d  not be det ec t e d  

i n  n o rm a l  f o l l i c l e s  i n  H & E - s t a i n e d  s e c t i o n s  f r om t he 3 ye a r  o l d  

h o r s e s  and t h e  5 y e a r  o l d  h o rs e  ( s e e  C h a pt e r  4 ) , t h e  t h y r o cy t e s  o f  

t he s e  f o l l i c l e s  di d c o n t a i n  f i n e  y e l l o w g r a n u l e s  w h e n  u n s t a i ne d  

s e c t i o n s  we re e x ami ned by l i ght mi c r o s c opy . The l i p o f u s c i n  g r a n u l e s  
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exh i b i t e d  a y e l l ow - o r a nge f l uo r e s cence and appea re d  mo r e  nume r o u s  by 

f l u o r e s c e n c e  mi c r o s c o py t h a n  by l i g h t  m i c r o s c opy i n  H & E  s t a i n e d  

s e ct i on s  ( Fi g .  4 : 5 , F i g . 4 : 6 ) . 

H&E s tain : Lipo fus c i n  r a nged in c o l our f rom ye l l o w  t o  da r k  b r own i n  

H & E  s t a i n e d  s e c t i o n s  ( F i g . 5 : 1 )  T h e  d e p t h  o f  c o l o u r  o f  t h e 

g r a n u l e s , a l t ho ug h  e v e n  w i t hi n  a s e ct i o n ,  v a r i e d  be t we e n  h o r s e s . 

T h i s  v a r i a t i on could n o t  be a t t ributed t o  s t a i n i ng condi t i o n s  b e c a u s e  

i t  w a s  appa rent bet w e e n  s e c t i on s  t h a t  had b e e n  p ro ce s s ed a n d  s t a i ne d  

t oget he r . Granu l e s  w e re u s u a l l y  l o c a t e d  i n  t he api c a l  p a rt o f  t h e  

c e l l ( Fi g .  4 : 2 ) a l t hough i n  s quamous t hy ro c yt e s  t hey we re l at e r a l  t o  

t he n u c l e u s  ( Fi g . 4 : 1 0 )  . M a n y  g r a n u l e s  c on t a i ned r o u n d  ' v a c u ol e s '  

whi c h  w e re c l e a r  o r  p a l e  y e l low,  i n  cont r a s t  t o  t he da rke r c o l ou r  o f  

t he encomp a s s i n g  g r a n u l e  ma t rix ( Fi g . 5 : 1 ) . Li p o f u s c i n  g r a n u l e s  w e re 

l e s s  f l u o re s cent i n  H & E  s t a i ned s e c t i ons t h a n  i n  un s t a i ned s e c t i on s . 

P A S  s t a i n : L i p o f u s c i n  g r a n u l e s  s t a i n e d  p o s i t i v e l y  w i t h  t h e  P A S  

me t h o d  ( F i g . 5 : 2 )  b u t  t h e r e  w a s  c o n s i de r a b l e  v a r i a b i l i t y  i n  t h e  

s t a i ni n g  i nten s i t y  b e t w e e n  h o r s e s  w h i c h  w a s  n o t  c o r re l a t ed w i t h  a ge 

( T a b l e  5 : 1 )  a n d w h i c h  w a s  a p p a r e n t  b e t w e e n  s e c t i o n s  t h a t  w e r e 

p r o c e s s e d  a nd s t a i n e d  t og e t he r . I n  mo s t  c a s e s  t he n a t i ve b rown o r  

y e l l ow c o l our o f  t he g ranule s i n t ruded . Be c a u s e  t he ' v a c u o le s '  d i d  

n o t  s t a i n  with PAS , but appe a re d  c l e a r  o r  p a l e  ye l l ow , g ra n u l e s  we re 

ob s e rv e d  as c r e s c e n t - s haped, P A S - po s i t i ve a re a s  o f  mat r i x  p a rt i a l ly 

s u r rounding 'vacuo l e s ' .  L i po f u s c i n  granu l e s  w e re mo re obv i ou s  i n  PAS 

s t a in e d ,  than i n  H&E s t a i ned s e c t i o n s . With c a re ful exami n a t i on t hey 

c o u l d  be d i s t i n g u i s h e d  f r om c o l l o i d  d r o p l e t s  i n  t h e t hy r o c y t e  

c y t o p l a sm, b e c a u s e  l i p o f u s c i n a lmo s t  a l wa y s  ret a i n e d  s ome n a t u r a l  

ye l l ow c o l our . I n  c ont r a s t ,  c o l l oid drop l e t s s t a i n e d  mo re i nt e n s e ly 

w i t h  PAS , had no ye l l ow t i nge , and were o v a l  o r  c i rcul a r  i n  shape . 

S chmorl ' s  stain : W i t h  S chmo rl ' s s t a i n ,  g r e a t  cont r a s t  w a s  obt a i ne d  

b e t w e e n  t he l i p o f u s c i n  a n d  o t h e r  s t ru c t u r e s  i n  t h e  s e c t i on ( F i g . 

4 : 1 2 ) . Granu l e s  w e re s t a i ned in no rma l f o l l i c le s  i n  s e c t i on s  o f  t h e  

y oung h o r s e s  b e t w e e n  3 t o  7 y e a r s  o f  a ge w h i c h  l a c k e d  s u f f i c i e n t  

n a t u r a l  c o l o u r  t o  b e  s ee n  i n  H & E  s e c t i o n s  ( F i g . 4 : 1 1 compa red t o  F i g . 

4 : 1 2 ) . The granul e s  we re usua l l y  s t a i ned da r k  blue a l th o ugh i n  s ome 



Figure 5 : 1  

Lipofuscin granule s  by light microscopy . Alt hough thyrocytes 

f o rm a s i ngle l aye r of cel l s ,  in this section the folli cle has 

been cut tangent i a lly . Nume rous lipofuscin granules with b rown 

mat rix and clear 'vacuoles'  a re present . S ome vacuoles appea r  to  

have yel l ow c ontent s ( a rrowheads ) . H & E  x 4 0 0 . 

Figure 5 : 2  

Thyroid tissue stained with PAS x 4 0 0 . 

The c o l l o i d  a nd i nt e rs t i t i a l t i s sue s t a i n  i ntensely with PAS . 

Li p o f u s c i n  g r a n u l e s appe a r  red or  orange - re d ,  w i t h  c l e a r  o r  

yel l ow va cuol e s . S ome othe r cytopl asmic st ructure s ,  the coll oid, 

and the inte r s t i t i a l  ti s sue a re also stained . 





Table 5 : 1 .  Histochemistry of equine thyroid lipofuscin 

Horse PAS Schmo rl ' s  MF AFI P  Perl ' s Feulgen-NAH 

PR 
8M 
lA 
3A 
3B 
SA 

* 

6B 
6A 
7A 
9A 
12A 
12B 
12C 
1 2D 
l SA 
l SB 
l SC 
2 0A 
2 0 B  
2 0 C  
2 0D 
2 0E 
2 0 F  
2 5A 
2 5B 
2 5C 
2 5D 
2 5 E  
2 5F 
2 5 G  
2 8A 
2 8 B  
3 0A 
3 0 B  
32A 
35A 

ngd 
+ + + + +  
n i l  
+ +  
+ + + + +  
++ 
+++ 
+++ 
+++ 
+++ 
nil 
+ 
++++ 
++++ 
nil 
++++ 
+ 
+++ 
+ 
+ 
+++ 
+ 
+++ 
+ +  
+++ 
++++ 
+ + + +  
+++ 
+++ 
+ 
+ 
+++++ 
+++ 
+ + +  
++ 
+ 

ngd 
++ 
+++++ 
+++++ 
++ 
+ +  
++ 
++ 
++++ 
++++ 
+++ 
+++ 
+ + +  
+ + + +  
+ 
+++++ 
+ + + +  
+ 
+ 
+ + +  
+ + + + +  
+++ 
+ 
+ + +  
+ 
++++ 
+ 
+++++ 
+++++ 
+ 
+ 
nil 
++++ 
++ 
+ +  
+ 

Key and footnote : 

+++ 
ngd 
+++++ 
+++++ 
n i l  

+++++ +++++ 
+++ +++ 

++++ + 

P .  

N .  
P .  
N .  
N .  
N .  
N .  
N .  
N .  

N .  
N .  

N .  
P .  
P .  

+++ N .  

++++ +++ 

++++ + 
++++ +++ 

++++ +++++ 
++++ +++ 
+ + + +  + 
+++ + 

N .  
N .  

ngd no granules detected 

+ 

+ 

+ 

= s t a i n  was not used on a section from that horse . 
nil = no react ion to stain 
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MGP 

+ + + +  

+ 

++ 

+ to +++++ = variation in stain i ntens i ty . At stain intensity +++++ , 
all granules react st rongly,  with no nat ive colour appa rent . 
P .  = some granules in the sect i on were Perl ' s -pos i t ive 
N .  = a l l  granules i n  the sect i on were Perl ' s-negat ive . 
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c a s e s  t h e  n a t u ra l  c o l ou r  s howed t h rough,  r e s u l t i ng i n  s ome appe a r i ng 

dark g rey o r  g rey-b rown . The s t a i ne d  l ip o f u s c i n  c l e a r l y  c on t r a s t e d  

wi t h  t he c o l l o i d  and t he cytop l a sm ,  w h i c h  s t a i ned p a l e  b l u e , and c e l l  

nucle i , w h i c h  s t a i ne d  p a l e  p i n k  w i t h  t he c ounte r s t a i n . A s  w i t h  t h e  

PAS s t a i n ,  t he ' v a cu o l e s '  o f  g r a n u l e s  did n o t  s t a i n  w i t h  S chmor l ' s  

s t a i n but w e re f a i n t l y  s t a ined by the c ount e r s t a i n . The i n t e n s it y  o f  

s t a i n i n g  v a r i e d  b e t w e e n  h o r s e s  ( T a b l e  5 :  1 ) . T h i s  v a r i ab i l i t y  w a s  

p r e s e n t  b e t w e en s ec t i on s  proce s s e d  t o ge t he r ,  i ndic a t i ng t ha t  i t  w a s  

n o t  r e l a t e d t o  t h e  b a t c h  o f  s t a i n  u s e d . I n  s ome i n d i v i du a l s  t he 

a f f i n i t y t o  S c hmo r l ' s s t a i n  w a s  v a r i a b l e  b e t w e e n  g r a n u l e s  o f  

di f fe re n t  f o l l i c l e s  w i t h i n  t he s ame s e ct i on . There w a s  n o  appa rent 

re l at i on s hi p  between s t a i n  a f f i n i t y  a nd a ge ( Table 5 : 1 ) . 

Ma s s on ' s Font ana s t a i n : The l i p o f u s c i n  ma t r ix s t a i ne d  b l a c k  w i t h  

Ma s s on ' s F o n t ana s t a i n ,  in c on t r a s t  t o  t he ' va c uol e s '  w h i c h  s t a i ne d  

b r own o r  did not s t a i n  a t  a l l  ( F i g . 5 . 3 ) . The stai ned g r a n u l e s  we re 

in c l e a r  c o n t r a s t  t o  t he p a l e  n k  c o u n t e r s t a i n i ng o f  t he o t h e r  

s t r u c t u r e s  i n  t h e s e c t i o n . H o w e v e r t h e de t a i l  o f  t h e o t h e r  

s t ru c t u r e s  w a s  p o o r  u s ing t h i s s t a i n  re l a t ive t o  t h a t  i n  S chmo r l ' s  

s t ained s e c t i ons . 

AFIP Stain f o r  lipofuscin : Lipo f u s c i n  u s u a l ly stained d a r k  red w i t h  

the AF I P  s t a i n  f o r  l i p o fu s c i n ,  w h i c h  i s  a modi f i ed l o n g  Z i eh l -Nee l se n  

s t a i n . T h e  i n t e n s i t y  o f  t he re a c t i o n v a r ied between h o r s e s  ( T ab l e  

5 : 1 ) . T h e  ' v a c u o l e s '  s t a i n e d  p a l e  p i n k  w h i le i n t r u s i o n o f  t he 

n a t u r a l  c o l o u r  o f  t he l i p o f u s c i n  f r e que n t l y  g a v e  a r e d -b r o w n  o r  

o r a nge t i nge t o  t h e  mat rix ( Fi g .  5 : 4 ) . 

Compari s on of stain affinitie s : The s t a i ning c h a r a c t e r i s t i c s  o f  

t hy r o i d  l ip o f u s c i n  w i t h  a v a riety o f  s t a i n s  a re l i s t e d  i n  

T a b l e  5 : 1 .  T h e  a f f i n i t i e s  f o r  d i f f e r e n t  s t a i n s  a r e n o t  

c o r re l a t e d . Lipo f u s c i n  i n  a lmo st a l l  i ndivi du a l s  s t a i ned w i t h  

P A S , S c hmo r l ' s  a n d  Ma s s o n ' s  F o n t a n a  s t a i n s , a s  de s c ribed above , 

a n d  t h e re w a s  l i t t le o r  n o  v a r i a t i o n  i n  s t a i n  i n t e n s i t y  w i t h i n  

s e c t i o n s . T h i s  i s  in c o n t r a s t  t o  s e c t i ons s t a i n e d  w i t h  P e r l ' s 

s t a i n  f o r  i ro n , Feulgen -NAH , Methyl Green-Py r o n i n  and O i l  Red 0 

s t a i n s , a s  d e s c r i b e d  b e l o w , i n  w h i c h  v a r i a t i o n  i n  s t a i n  
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Figure 5 : 3  

Thyroid tissue stained with Masson ' s Fontana x 1 0 0 . Lipo fuscin 

mat r ix stains intensely with this  s t a i n ,  but vacuol es va ry f rom 

clear ( a rrowhead)  to brown . 

Figure 5 : 4  

Thyroid ti ssue stained with AFIP stain for lipofuscin x 4 0 0 .  

A c i d - f a s t  st r u c t u res a re norma l ly s t ai ned red with thi s s t a i n . 

L i p o f u s c i n  g r a n u l e s  i n  t h i s  s e c t i o n a r e red - b r o w n ,  due t o  

int rus ion o f  the natural colour . 
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i n t e n s i t y  w i t h i n  s e c t i o n s  i n d i c a t e d t h e  p r e s e n c e  o f  

hete rogeneo u s  s ubpopu l a t i o n s  o f  l i p o f u s c i n  g r anule s .  

P e rl ' s s t a i n  f o r  i ro n : I n  s e c t i o n s  f r o m  4 

l i p o f u s c i n  g r a nu l e s  s t a i ned w i t h  P e rl ' s s t a i n  

o f  1 7  h o r s e s ,  

( Table 5 : 1 ) . 

a f e w  

T h e s e  

o c c u r r e d i n  a m i n o r i t y  o f  f o l l i c l e s  w h i c h  f r e que n t l y  e x h i b i t e d  

a b n o rm a l i t i e s  i n  t h e c o l l o i d .  I n  mo s t  c a s e s ,  P e r l ' s - n e g a t i v e  

l i p o f u s c i n  g ra n u l e s  w e r e  a l s o  p r e s e n t  i n  t hy r o cy t e s  o f  t he s ame 

f ol l i c l e  ( F i g .  5 : 5 ) . 

Feulgen -NAH s t ain : T h e  ma t r ix o f  app r ox i ma t e l y  5 0 %  o f  l i p o f u s c i n  

g r a n u l e s  i n  t h r e e  s e c t i o n s  s t a i n e d  y e l l ow - g r e e n ,  s ug g e s t i n g  t h e  

p r e s e n c e o f  RNA , w h i c h  n o rma l l y  s t a i n s  b l u e - g r e e n . H o w e v e r  t h e  

c o l l o i d ,  w h i c h  i s  p r i m a r i l y c o mp o s e d o f  t h e  g l y c o p r o t e i n  

thyrogl ob uli n ,  a l s o  s t a i ned blue -green . S ome g ranu l e s  s t a i ne d  p i n k  

o r  red , c o n s i stent w i t h  presence o f  DNA ( Fi g .  5 : 6 ) . Thi s rea c t i on w a s  

obse rved i n  the ' va c u o l e ' ,  rathe r than t h e  granule mat r i x . 

Methyl Green-Pyronin (MGP ) S t ain : Re a c t i o n  o f  l i p o f u s c i n  t o  t h i s 

s t a i n , which s t a i n s  RNA red and DNA b l u e -green , v a r i e d  between t h e  

t h r e e  h o r s e s  i n  w h i c h  i t  w a s  s t u died . I n  t w o  ho r s e s  a mi no r i t y  o f  

g r a n u l e s  s t a i n e d  a s l i g h t  r e d  w h i l e  i n  a t h i rd a n  i n t e n s e  r e d  

rea c t i on o c c u r re d  i n  a l l  granu l e s  ( Fi g . 5 : 7 ) . All t h e  s e c t i o n s  w e r e  

p r oc e s s ed t ogethe r .  H oweve r t he f o r  t h i s  s t a i n  w a s  ne i t he r 

ext ingu i s he d ,  n o r  c l e a r ly reduced, by i n c uba t i o n  in RNA s e ,  

1 ug /ml , p r i o r  t o  s t a i n i ng . C o l l o i d  w a s  a l s o  s l ight ly t o  mode 

s t a i ned . 

Lipid stains : L i po f u s c i n reacted mode r a t e l y  t o  Sudan B l a c k  B i n  b o t h  

f r o z en s ec t i on s  a n d  p a r a f f in s e c t i on s , but s t a i ning d i d  not e x t e n d  t o  

t h e  ' va c u o l e s ' ( F i g . 5 : 8 ) . T h e  g r e a t  ma j o ri t y  o f  g r a nu l e s  di d n o t  

s t a i n  w i t h  O i l R e d  0 i n  f r o z e n  s e c t i o n s  ( F i g . 5 : 9 ) a l t h o u g h  

o c c a s i on a l l y  a f a i n t  r e a c t i o n  c ou l d  b e  o b s e rved in a ' v a cu o l e ' . 

Concanavalin A-pe roxidase l abel ling : T h e  mat rix o f  t h e  ma j o r i t y  o f  

l i po f u s c i n  g r a n u l e s , i n  s e c t i o n s  f ro m  t h e  t h re e  h o r s e s  e x ami n e d ,  

r e a c t e d  w i t h  t h e  C o n c a n a v a l i n  A - pe r o x i d a s e  l abe l , i ndi c a t i n g  t h e  



Figure 5 : 5  

Thyroid tis sue stained with Perl ' s  stain for iron x 4 0 0  

The l ipofuscin o f  most follicles remains a brown colour . Howeve r 

i n  o c c a s i o n a l  f o l l i c l e s  s ome g r anu l e s  s how a pos i t i ve b l u e  

reaction f o r  iron . 

Figure 5 : 6 

Thyroid tissue stained with Feulgen-NAH stain x 4 0 0 . 

S ome l ipofuscin vacuol e s  s h ow a red posi tive reaction for DNA , 

pa rt i cula rly in the granule mat rix . The mat rix of some g ranul e s  

appe a r s  greeni s h ,  s ugge s t i n g  t h e  presence o f  RNA . Howeve r t h e  

c o l l oid a l s o  s t a i n s  blue -green,  a false p o s i t ive rea c t i o n  f o r  

RNA . 





/ 

Figure 5 : 7  

Thyroid tissue stained with Methyl Green-Pyronin (MGP ) x 1 0 0 . 

Lipo f u s c i n  granules in t hy rocyt e s  and sphe r i t e s  show a s t rong 

posit ive re action to thi s stain . However thi s reaction wa s not 

ext ingui shed by prior incubat ion with RNAse , and the coll oid and 

cytopl asm show a false posit ive react ion . 

Figure 5 : 8  

Fro zen section of thyroid stained with Su�n Black B .  Lipofuscin 

g r a n u l e s  show p a r t i a l  s t a i ning o f  the mat rix only . Lipofuscin 

'vacuole s '  a re not st ained, and cell nuclei are not st ained . x 

1 0 0 0 . 





presence of  mannose and/or glucose ( Fig . 5 : 1 0 ) . 
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The natu ra l  yellow 

colour of  t he granules was not always masked by the l abe l . Granule 

' v a cuole s '  were not l abelled . S ome c e l l s  showed heavy cyt opl asmic 

l abe l l ing w h i c h  did not appe a r  t o  be a s s o c i at ed with l i p o f u s c i n . 

Fol licular colloid was mode rately labelled.  

Histochemistry of lipofuscin in the 5 year old horse 

The except i on a l ly l a rge granul e s  

follicles in t h e  5 yea r  old horse 

in t he thyrocyte s of  the abno rma l 

( F i g . 4 : 1 3 )  exhibited di f fe rences 

i n  h i s t o c h emi s t ry c ompa red to the g r anul e s  i n  the t h y rocytes o f  

no rma l fol l i c l e s  i n  t he same s e c t i o n . They showed a g r e a t e r  PAS 

a f finit y ,  but were l e s s  Schmo r l ' s -p o s i t i ve and did not s t a i n  with 

Ma sson' s Fontana stain . 

Ultrastructure of equine thyroid lipofuscin 

The ult ra s t ructure of thyroid ti s sue of horses from 9 to 35 years of  

a g e  w a s  e x a m i n e d . T h e re w a s  n o  a g e - r e l a t e d  c h a n g e s i n  t h e  

ult rast ructural appea rance of the thyroid ti ssue,  the morphol ogy o r  

s i ze o f  t he g ranul e s ,  o r  the i r  appa rent inte ractions w i t h  c ol l o i d  

droplets . 

Lipo fuscin granules were typi c a l l y  l o cated in the api cal cytoplasm 

( Fi g .  5 : 1 1 ) , and w e re i r regu l a r  in s hape . T hey w e r e  ob se rved in 

simi l a r  numb e r s  t o  those obse rved by li ght mi croscopy i n  the same 

horses . The mat rix was elect ron -dense and the 'vacuoles ' relat ively 

more elect ron-lucent . The 'vacuole ' content s were homogeneous and 

of variable electron-density ( Fi g . 5 : 1 2 ) . I n  some cases they we re 

nearly as elect ron-dense as the mat rix material (Fig . 5 : 1 3 ) , but mo re 

c o mmo n l y  t h e y  w e r e  s l i g h t l y  l e s s  e l e c t r o n - d e n s e  t h a n  t h e 

ext racellular colloid . Vacuoles were found both deeply embedded in 

ma t r ix and in pe riphe ral locat i ons , bulging out f rom the granules .  

The periphe ry of the vacuole was out lined by an i r regul a r  l aye r of  

ma t ri x  or  a layer o f  t i ny v a c u o l e s  ( F i g . 5 : 1 4 ) . V a c u o l e s  w e re 

usually round or ova l ,  but la rge va cuoles were somet imes bean-shaped 

r a t h e r  t h a n  c i r c u l a r  in se c t i o n ,  s ugge s t i ng t h a t  t h e  mat rix had 

b r o k e n  d o w n  b e t w e e n  t w o  v a c u o l e s  of s i mi l a r  s i z e  a n d  t hey had 

coalesced into one (Fig . 5 :  1 5 ) . Sma l l vacuoles we re in s ome cases 



Figure 5 : 9  

F ro zen section of thyroid t i s sue st ained with Oil Red o .  Only 
r a re l y  do l ipofuscin granul e s  show a faint red c o l o u r  
cent re ) . x l O O O  

Figure 5 : 1 0 

( b o t t om 

T hy r o i d  t i s s u e  l a be l l ed w i t h  C o n c a n av a l i n  A / H o r s e r a di s h 

peroxidase x 1 0 0 0 . 

T h e  ma t r i x  o f  l i p o f u s c i n  g r a n u l e s  i s  l ab e l l e d ,  a l t h o ugh t h e  

y e l l ow c o l o u r  f reque nt ly i n t rude s . The t hy r o g l obu l i n  i n  t h e  

colloid pool , which is a glycoprotein cont ai ning mannose , shows a 

mode rate positive reactl on . 





Figure 5 : 11 X 5 0 0 0  

Ult ra s t ructure o f  equine thyroid t i s sue . T he c o l l o i d  i s  at 

right . S ome inte r s t i t i a l  connect i ve t i s sue is at uppe r l e ft . 

T h e  a p i c a l  c y t o p l a s m o f  t h e  t hy r o c y t e s  c o nt a i n s  l i po f u s c i n  

g r a n u l e s  o f  va r i o u s  s i z e s , w i t h  e l e c t r o n  de n s e  ma t r i x  a n d  

vacuoles o f  v a r i able s i ze and e l e c t ron den s i t y . Tea r s  i n  t he 

vacuole contents a re present in the lipofuscin at the t op o f  the 

picture . Colloid droplets o f  variable elect ron density are a l s o  

present in  t h e  api cal cytoplasm .  

Figure 5 : 1 2 X 11, 0 0 0  

Va r i a t i on s  i n  e l e c t ro n  de n s i t y  o f  lipo f u s c i n  and c o l l o i d  

droplets . 

T h e  t h y r o c y t e  a t  c e n t re h a s  b e e n  s e c t i o n e d  t a n g e n t i a l l y ,  

e x c l u d i n g.  t h e c e l l  n u c l e u s . T h e  c y t o p l a s m  c o n t a i n s  t w o  

lipofu scin granules , with vacuole content s simi l a r  t o ,  o r  denser 

than , the co lloid at lower right . A number of c o l l oid droplets 

.a re pre sent i n  the same pa rt o f  the cell . The contents o f  t hese 

v a ry in de n s i t y  a n d  i n c l u de c l e a r  a re a s  and e l e c t r o n -de n s e  

part i c les . 





Figure 5 : 1 3 X 32 , 0 0 0  

Lipofuscin granule with vacuole o f  high electron density . 

Figure 5 : 14 X 32 , 0 0 0  

Fine detail o f  lipofuscin granules .  

The l i p o f u s c i n  granules c ont ain nume rous vacuoles o f  di fferent 

s i ze s .  The l a rge st vacuole o f  t he granule at bott om cent re i s  

surrounded by an elect ron -dense l ayer and a layer of ve ry sma l l  

vacuole s .  The mat rix o f  t he granules at upper right and l ower 

right shows unusually low elect ron density . 
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apparently c onti nuous with l a rge r vacuoles ,  suggesting that they were 

coal e scing { Fig . 5 : 1 6 ) . 

Va c u o l e s  w e re o b s e rved i n  mo s t  s e ct i o n s  i n  w h i c h  t h e  c o n t ent s 

cont a ined holes or  tea r s ,  with vacuole content s shrinking back f rom 

the edges o f  the hole { Fig . 5 :  1 1 ,  Fig . 5 :  1 6 ) . The res i n  o f  t he 

section was intact . 

The fine det a i l  of the mat rix was granul a r .  

not observed . 

Lamel l a r  patterns were 

Li p o f u s c i n granules we re u s u a l l y  found c l o s e  to  c o l l o i d  dropl e t s  

{ Fi g .  5 : 1 1 ,  Fig . 5 : 1 2 ) . The elect ron-density of col loid droplets was 
.. 

v a r i a b l e  b u t  w a s  u s u a l l y  l e s s  t h a n  t ha t  o f  the c o l l o i d  i n  t he 

f o l l i c u l a r  lume n . I n  s ev e r a l  c a s e s  t he v a c u o l a r  p a r t  o f  t h e  

lipofuscin appea red t o  be fused with the lumen o f  a n  adj acent colloid 

droplet {Fig . 5 : 1 5 ) . 

S ome c o l l o i d  droplet s cont a i ned elect ron -dense st ructures st rongly 

resembling small lipo fuscin granules with glassy ' va cuoles '  embedded 

in a mat rix { Fig . 5 : 1 7 ) . 

I n  o rde r t o  det e rmine whet he r t he e l e c t r o n -den s i ty o f  the ma t rix 

c ompo n e nt of the l ip o f u s c i n  w a s  int r i n s i c  or due t o  o smi oph i l i a  

and/ o r  staining, the granules were examined in an unstained section 

f rom a t i s sue block proce ssed without postfixing in o smium tet roxide . 

The granule mat rix was still the da rkest st ructure in the cel l  { Fig . 

5 :  1 5 ) . Resolution of  cellular detail in such unst a ined sect i ons was 

p r e d i c t a b l y  p o o r . Exami n a t i o n  o f  t i s s u e  f r om t h e s a me h o r s e  

proces sed with osmium tet roxide fixat ion showed that elect ron-density 

of both parts of  the granules was enhanced by osmium .  The mat rix was 

a l s o  fu rther stained by uranyl acetate and lead c i t rate in addi t ion 

to i t s  intrinsic elect ron-density . 

Immunogold electron microscopy 

The immunogold probe us ing ant ibody raised in rabbits against equine 

t hy rogl obul i n  reacted s t rongly with the follicu l a r  c o l l o i d ,  which 



Figure 5 : 15 X 1 1 , 0 0 0  

Thyroid t i s sue processed without osmium and not stained . The 

c o l l o i d  i s  at upper r i ght . T h re e  c e l l  n u c l e i  a re p a r t i a l ly 

incl uded i n  the figure . The mat ri x  o f  the l ip o f u s c i n  g r a nule 

( c e n t r e ) h a s  t h e h i g h e s t  n a t u r a l  e l e c t r o n - de n s i t y  o f  the 

s t ructures p resent . S ome of  the vacuoles in t he granul e  exhibit 

some elect ron-density . The clear a reas in the cyt opl a sm o f  the 

t h y r o c y t e s  a r e mo s t  l i k e l y d i s t e n ded c i s t e r n a e  o f  r o u g h  

endopla smi c reticulum, although s ome may be colloid droplet s . 

Figure 5 : 1 6 X 1 5 , 0 0 0  

Appa rent f u s i on between a l ip o f u s cin granu l e  and a c o l l oid 

droplet , cent re . Sma ll vacuoles a re appa rent ly coalescing with 

l a r g e r  o n e s  in t h e  l i p o f u s c i n  g r a n u l e  at t op . T h e  l ow e r  

l ipo fuscin g ranule contains a vacu ole ( f a r  left ) with a tear in 

the content s .  





Figure 5 : 17 X 1 1 , 0 0 0  

Variations i n  contents o f  colloid droplets . 

Numerous colloid drople t s  with contents o f  va riable den s i t y  a re 

present in the se cell s .  Col l oid droplet contents include clear 

a rea s ,  st rands o f  material , elect ron-den se pa rt i cles and, in t he 

droplet at cent re , st ructure s  strongly resembling the vacuoles o f  

l ipofuscin granule s . 

Ext e n s i ve i n t e rd i gi t a t i on s  a re pre sent in t he c e l l  memb ranes 

between t hyrocyte s  ( a r rowhead)  . 

Figure 5 : 1 8 X 2 1 , 0 0 0  

Anti -thyroglobu l i n  immunogold labelled thyro i d  t i s sue . The 

ext race l l ul a r  thy rogl obul i n  ( t he c o l l o i d )  provides a p o s i t ive 

cont ro l . The cyt opl a sm shows light label ling . The lipofuscin 

g r anu l e s  show n e g l i g i b l e  l a be l l i ng . C o l l o i d  drop l e t s  ( uppe r 

right , cent re right ) a re a l s o  unlabelled . The l a rge vacuole at 

uppe r right i s  bean-shaped, suggest ing that two vacuoles may have 

c o a l e s ced i nt o  one . A sma l l  vacuole appe a rs to be c ont inuous  

with the l a rge vacuole at uppe r left . 
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c o n f i rmed that the antibody rai sed w a s  a gainst thyroglobul in . The 

probe a l s o  r e a c t e d  l i ght l y  w i t h  the c e l l  cyt opl a s m .  Lipofuscin 

granules and cell nuclei did not react with the antibody (Fig . 5 : 1 8 ) . 

Only a minority of colloid droplets were label led . 

DI SCUSSION 

Histochemistry of lipofuscin 

The l ip o f us c i n  g ranule s w e re recogn i zed by t he i r  n a t u r a l  c o l o u r ,  

f l u o r e s cence and hi s t o c hemi c a l  re a c t i ons ( see Int roduct i o n ) , but 

c o n s i de r able hete rogene i t y  w a s  ob s e rved in thei r h i s t o chemi s t ry . 

Granules were mo st e a s i l y  seen by f l uo rescence mi c r o s copy o r  when 

stained with Schmorl ' s  or  Masson ' s  Fontana stains . 

The l ip o f u s c i n  g ranules i n  H & E - s t a i ned sections v a ried i n  c o l ou r . 

The granules appe a red mo re b rown in H&E sections than in unstained 

s e r i a l  sect i ons f rom t h e  s ame individua l s , i ndi c a t i n g  t h a t  s ome 

s t a i ni ng occurred . However some granules detected by their natural 

colour in unstained secti ons could not be seen in H&E stained serial 

sect ions . This was most noticeable in ho rses 3A, 3B  and SA, but was 

a l s o  observed in some individuals up to  the age of  2 0 . I t  has been 

reported that lipofuscin has l ittle or no colour when newly formed, 

and develops colour with t ime ( Few and Getty 1 9 6 7 ,  Dolman and Macleod 

1 9 8 1 , P e a r s e  1 9 8 5 )  The granules which were lacking i n  suffi cient 

n a t u r a l  col our to stand out in H & E  stained sect i ons may be newly­

f o rmed ,  ' immat u re ' granul e s , but t hey were found in h o r s e s  o f  all 

age s . 

The i ntensity of  the reactions with most of the hi stochemi cal stains 

w a s  va riable between h o r s e s ,  indi cating vari a t i o n  in the react ing 

groups in the l ipofus cin . Vari a t i on in stai ning a f finity within a 

s e c t i o n  w a s  obse rved w i t h  some s t a ins , indicating the exi stence of 

h e t e rogene o u s  s ubpopu l a t i on s  o f  g ranule s .  The re w a s  no  appa rent 

re l at i onship between a f f i ni t y  f o r  any histochemical stain and age . 

According t o  Pearse ( 1 9 8 5 ) , l ipofuscin gains reducing c apacity with 

'maturation'  . I f  this were s o ,  and assuming that l ipofuscin granules 

a re l ong-l ived st ructure s ,  t he reaction with Schmorl ' s  and Mas s on' s 



Fontana should be greater i n  the older horses . 
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I f  a t rend towards 

i ncreasing reducing capacity exi sted, it should be apparent f rom this 

study because the ages of  the horses spanned 3 5  years , which i s  close 

t o  the maximum usual li fespan in this species . Either the granules 

a re not long-l ived, or  t he reducing capacity of  lipo fus c i n  granules 

does not increase with 'maturat ion' in this t i s sue . 

PAS i s  a stain for ca rbohydrates and hence stains glycoproteins such 

a s  t he t h y r o g l obu l i n  in t he f o l l i c u l a r  c o l l o id . The p o s i t ive 

re action with Concanav a l i n  A demonst rates the presence o f  manno s e  

and / o r  g l u c o s e  in equine thy roi d l ipofusci n ,  and t he p o s i t ive PAS 

reaction is therefore most likely to  be due to sugars . The reaction 

of  pe riodic acid with suga rs produces aldehydes which then react with 

Schi f f ' s  reagent to produce Schi ff bases . The pos itive reaction o f  

l ipofuscin with PAS h a s  been att ributed to the presence of  aldehydes 

w h i c h  a re n o t  de rived f rom ca rbohydra t e s  ( P e a r s e  1 9 8 5 ) , on the 

appa rent a s s umption that l ipofuscins do not c ontain ca rbohydrates . 

Malondi a l dehyde and other aldehydes alleged t o  be produced by lipid 

p e r o x i da t i on rea c t i o n s  c o u l d  t h eo ret i c a l l y  rea c t  w i t h  S c h i f f ' s  

reagent i n  t h i s  s t a i n ,  but t h e re i s  no  re a s o n  t o  a t t r i bute t he 

positive react ion in this l ipo fuscin to pre-exi st ing aldehydes rather 

than carbohydrates . 

E qu i ne t hy r o c y t e  l i p o f u s c i n  w a s  mo s t  e f f e c t i v e l y  s t a i ned w i t h  

S chmorl ' s  and Ma sson ' s Fontana stains . The intensity o f  the react ion 

w i t h  S c hmo rl ' s  stain va ried between individual ho rses . A positive 

rea c t i on to this s t a i n  indicates that ferric ferricyanide has been 

reduced . The re f o re h e t e r ogene i t y  exi s t e d  between h o r s e s  i n  t he 

r e du c i n g c ap a c i t y  o f  t he l i p o f u s c i n ,  b u t  t he r e du c i ng g r o u p s  

re s p o n s i b l e  f o r  t h e  re a c t i o n  a re u n k n o w n  ( P e a r s e  1 9 8 5 )  T h e  

ext racellular colloid a l s o  reacted sl ightly t o  this stain,  staining a 

muc h  p a l e r  b l ue . T h e r e  w a s  e v i dence f r om the u l t r a s t ruct u r a l  

o b s e rvat i o n s  that the c ontent s o f  c o l l o i d  drop l e t s  cont ribute t o  

l ipofuscin granules ( Fi g . 5 : 1 5 ) . The same reduci ng groups , such a s  

those of  reducing suga rs f rom thyrogl obulin , might be re sponsible for 

the p o s i t ive react i o n  in c o l l o id and l ip o f u s ci n .  The much darke r 

c o l o u r  i n  t he lipo f u s c i n ,  reflect ing a greater reductive capacity , 
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c o u l d  b e  indi c at ive of  a h i gh e r  concent rat ion o f  reducing groups . 

The l a c k  o f  co rrelation between reaction to  PAS stain and react ion to  

S chmo rl ' s  s t a i n  ( Table 5 : 1 ) s uggests  that the stains a re rea c t i ng 

with di fferent chemical groups , s o  it i s  unlikely that both reactions 

a re wholly att ributable to  the presence of  reducing s ugars . 

The Ma s s on ' s Fontana s t a i n ,  l i ke S c hmo rl ' s  s t a i n ,  i ndi c at e s  the 

p re s e n c e  o f  redu c i ng c ap a c i t y . It u t i l i s e s  t h e  ' a rgen t a f f i n  

re a c t i o n '  i n  which i o n i c  s i l v e r  i n  b a s i c  s o l u t i o n  i s  reduced t o  

met a l l i c  silver ( Pea rse 1 9 8 5 )  . Landas et al ( 1 9 8 6 )  used affinity for 

Masson ' s  Font ana as  a c rite rion for clas s i fying pigmented granules in 

t hy rocytes as  'neuromelanin'  or  as ' l ipofuscin ' , but the stain is  not 

s pe c i f i c  f o r  me l a n i n ,  a n d  i s  known to s t a i n l i po f u s cin in other 

t i s s ue s  ( Stevens 1 9 6 8 ,  Li l l ie 1 9 6 9 ,  Pearse 1 9 8 5 ) . However it is  not 

clear f rom the literature how posit ive or cons istent the react ion i s . 

The reaction of  equine thyroid lipo f u s c in may be unusually st rong 

compa red to that of othe r l ipofuscins . I f  not , it i s  surpri sing that 

M a s s o n ' s F o n t a n a  is n o t  f r e quent l y  r e c omme n ded a s  a s t a i n  f o r  

lipofuscin . The argentaffin react ion is of low chemi cal specificity,  

and for practical purposes a positive reaction sugges t s  the presence 

of phenols ( Pearse 1 9 8 5 )  . The reducing capacity of  melanin has been 

att ributed to the presence of s ubstituted phenols ( Ba rden and Bri z zee 

1 9 8 7 )  derived from tyrosine . The iodination of tyros i ne to form the 

i o do t h y ronines re sult s i n  pheno l s  w i t h  iodine at oms on the ring,  

which would stabilise the oxidi sed form .  Such molecules might react 

in t he s ame way as the s ub s t i t uted phen o l s  in me l anin . C o l l o i d ,  

w h i c h  c ont ains iodothyronine s ,  does not stain w i t h  Ma s son ' s Font ana , 

but l ipofuscin could contain g reater concent rat ions o f  iodothyronines 

o r  i o d o t h y r o n i n e - de r i v e d  mo l e c u l e s  w i t h  g r e a t e r  r e a c t i v i t y . 

P igmented, oxidi sed de riva t ives can be made in vit ro from dopamine ,  

epi neph rine and no repineph rine , which l i ke melanin a re formed f rom 

tyros ine via dihydroxyphenylal anine (DOPA) (Hack and Helmy 1 9 8 3 ) . It 

is p o s s ible that iodothyronines could undergo simi l a r  change s ,  and 

t h a t  s uch de rivative s ,  i f  t hey exi s t ,  could be responsible for the 

r e d u c i n g c a p a c i t y  a n d  t h e  n a t u r a l  c o l o u r  o f  e q u i n e  t h y r o i d  

l ipo fuscin . 

drawn . 

However this i s  specul ation, and no c onclus ions can be 
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The 'vacuoles'  i n  l ipofuscin granules have been assumed t o  contain 

l ipid ( Bo rel and Reddy 1 9 7 3 ,  Mat s ubara et  al 1 9 8 2 ,  Al exande r  et al 

1 9 8 5 ) . Lipid would be removed du r ing process ing o f  paraffin-block 

sect i o n s , but the contents of t he vacuoles were p r e s e rved as  pale 

yellow a rea s in H & E  and PAS staine d  sec t i ons . As fu rt he r  evi dence 

t hat t he ' v a cuol e s '  were not l ip i d ,  they did not s t a i n  with Sudan 

Black B ,  and only ra rely gave a weak part i al reaction with Oil Red 0 ,  

in fro zen sections . Furthermo re t h e  'vacuole s '  occa s i onally showed a 

posit ive Feulgen-NAH reaction for DNA . 

A posi t ive react i on of thyroid l ipofuscin to Perl ' s stain for i ron 

was observed in a subpopulat ion of granules in only four individual s ,  

u s u a l l y  i n  t hy r o cy t e s  of  f o l l i c l e s  c o n t a i n i n g  abno rma l c o l l o i d .  

Thyrocyt e s  w i l l  endocytose e ryth rocyte s in col loid ( Wol lman 1 9 8 0 ) , 

and P e r l ' s - p o s i t ive g r a n u l e s  c o u l d  be a p r o du c t  o f  l y s o s omal 

catabol i sm o f  such erythrocytes followed by sequest ration o f  the i ron 

from t hem . Ana ly s i s o f  t he me t a l  content o f  i s o l at e d  lipofuscin 

showed wide va riation in the i ron content between i ndividual s  ( see 

Chapter 6 )  . 

Two other s t a i n s  which stained only s ome lipofuscin granules we re 

Feulgen -NAH s t a i n  and Methyl G reen-Pyronin s t a i n ,  both stains f o r  

nucleic a c i ds . The demonst ration of  DNA by the u se o f  Feulgen-NAH 

s t a i n  w a s  a s u r p r i s i n g  f i n d i n g  i n  a c y t o p l a s m i c s t r u c t u r e . 

Theoret i c a l ly mitochondri al DNA c ould enter the lysos omal system by 

autophagy , but the DNA in isol ated lipofuscin was shown t o  be nuclear 

DNA ( s e e  C h a p t e r  6 ) . The re i s  v e r y  l i t t l e i n f o rma t i on in t he 

l i t e ra t u r e  on t he dyn ami c s  o f  nuc l e i c  a c i d  cat a b o l i s m  i n  vivo . 

Although nuc1eases are abundant in many t i s sues ,  it i s  believed that 

DNA i s  b r o ken down very s l ow l y ,  if a t  a l l ,  in ce l l s  during l i fe 

(Davidson 1 97 2 )  I f  this i s  s o ,  then the nuclear DNA i n  lipofuscin 

was most l i kely to be derived f rom the endocytosis o f  the remains of  

thy r ocyt e s  whi c h  had exfo l i at e d  i nt o  t he c o l l o i d . T he positive 

reaction for DNA obse rved in the vacuoles ,  whi ch appa rent ly fuse with 

colloid droplet s ,  is  cons istent with this . 
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RNA s t a i n s  blue -green w i t h  Feulgen -NAH s t a i n ,  but the l ipofuscin 

s t a i ne d  y e l l ow - g re e n . T h i s  c o l o u r  di f f e rence c o u l d  be due t o  

int rusion of  the natural colour of  the granules . Although l ipofuscin 

stained with Methyl Green-Pyronin , the reaction was not substant i a l ly 

reduced in the RNAse-treated cont rol ,  s o  t he presence of  RNA cannot 

be c o n f i rmed by t h i s  r e s u l t . Methyl G re e n -Pyronin s t a i n  is not 

s p e c i f i c  f o r  RNA ( P e a r s e  1 9 8 5 ) . I f  RNA i s  p r e s e n t , i t  c o u l d  

o r i gi n a t e  f r o m  r i b o s ome s w h i c h  e n t e r  t he l y s o s om a l  s y s t e m  by 

a u t o p h a gy . A l t e r n a t i ve l y  r i b o s ome s or  t he i r  rema i n s  c o u l d  be 

endocyt osed with other debris of  cel l s  exfoliated into t he col loid . 

Ana l y s i s  o f  t h e  p h o spho r u s  c o ntent o f  i s o l a t ed l ip o f u s c i n ,  and 

compa rison with the DNA content , showed that only t races of  RNA can 

be present in l ipofuscin ( see Chapter 6 )  . 

The histochemi cal di f ferences observed between lipofuscin granules in 

thyrocytes o f  n o rma l f o l l i c l e s  and those in thyrocytes of abnormal 

f o l l i c l e s  of  t he 5 year old horse i ndi c a t e  t hat t he l at t e r  a re a 

di s t i n c t  s u bp o p u l a t i o n . T h e y  m a y  h a v e  a di f f e re n t  c hemi c a l  

compo s it i on,  p o s s ibly a s  a result o f  c h a nges in t he c ont ribut ing 

subst rate . Alternat ively the granule s of  t he abnormal follicles may 

have di f fered in chemical composition f rom the granules of t he normal 

f o l l i c l e s  bec a u s e  t hey were at a di f fe rent st age o f  'mat u rat i on ' . 

S u ch h i s tochemi ca l  dive r s i t i e s  we re not observed in the 6 yea r old 

ho rses , whi ch a l s o  had p a r t i c u l a r l y  l a rge l ipofu s c i n  g r a nul e s  i n  

a b n o rma l f o l l i c l e s , b u t  i f  gradual c a t abol i sm o f  l i p o f u s c i n  w a s  

occurring, the dive rsity might slowly disappea r .  

Ultrastructure 

The u l t ras t ru c t u re o f  equ i ne t hy r o i d  t i s s ue w a s  

p ub l i shed s t u d i e s  of  o t h e r  spe c i e s  ( He i mann 1 9 6 6 ,  

Pet rovici 1 9 6 8 ,  Klinck et al 1 9 7 0 ,  Ives et al 1 9 7 5 ) . 

i n  a c c o rd w i t h  

Lupu l e s cu and 

Equine thyroid l ipofuscin showed the same ultrastructural features as 

those described in other species ,  including irregular shape ( Heimann 

1 9 6 6 ,  Lupulescu and Pet rovici 1 9 6 8 ,  Alexander et al 1 9 8 5 ) , variable 

s i z e ( Heimann 1 9 6 6 ,  I v e s  et al 1 9 7 5 ,  M a t s u b a r a  et al 1 9 8 2 ) , an 

elect ron-dense mat rix ( Lupulescu and Pet rovici 1 9 6 8 , Alexander et al 
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1 9 8 5 ) and e l ect r o n - l u c ent v a c u o l e s  ( He imann 1 9 6 6 ,  Lupu l e s c u  and 

Petrovici 1 9 6 8 ,  Klinck et al 1 9 7 0 ) . The appa rent fus i on of  colloid 

droplet s to lipofuscin ( Fig . 5 : 1 5 ) , sugge s t s  t hat l ipofuscin ret ains 

s ome l y s o s oma l f u n c t i o n ,  and s uppo r t s  t he c o n c l u s i o n  that t he 

c ont ent s of  lipo f u s c i n  a re product s o f  endocytos i s . The re i s  n o  

ultrastructural evidence that aut ophagy or  c r inophagy cont ribute t o  

l ipofuscin granules . 

C o l l o i d  drop l e t s  c o n t a i n i n g  p a r t i c u l a t e  i n c l u s i o n s  r e s emb l i n g 

l ipofuscin granules ,  a s  reported in the cat ( Ives et al 1 97 5 ) , were 

a l s o  f ound in the thyroid o f  t he horse ( F i g . 5 :  1 6 )  . It i s  l i kely 

that these part i cul ate inc l u s i ons repre sent an early st age i n  the 

biogene s i s  of lipofuscin granules ( I ves et a l  1 97 5 )  . Klinck et  al  

( 1 9 7 0 )  repo rted ' s t ructures intermedi ate between t ypical cyto somes 

a n d  t y p i c a l  l i p o f u s c i n  g r a n u l e s '  i n  h um a n  t h y r o i d ,  w h i c h  h e  

considered to  be t ransit ional stage s between t he two . Heimann ( 1 9 6 6 )  

a n d  Lupu l e s c u  a nd P e t ro v i c i  ( 1 9 6 8 ) b o t h  i dent i f i e d  l i p o f u s c i n  

g r a n u l e s  i n  e l e c t r o n  mi c r og r aphs a s  ' ph a g o l y s o s ome s ' C o l l o i d 

droplets are also a type of phagolysosome . 

The high natural elect ron-density of granules proce s sed for elect ron 

microscopy without osmium and examined without staining indicates the 

presence of  elements of  high weight , probably metals  and/ or 

iodine . 

Given t he evide n c e  t h at c o l l o i d  dropl e t s  p robab ly c on t ribute t o  

lipofuscin granule s ,  the granules may b e  composed, a t  least in part , 

of products of thyroglobulin catabolism .  The mol a r  rati os of  amino 

acids in t hyrocyte lipofuscin a re simi l a r  t o  those in thyrogl obulin 

( s ee Chapt e r  6 )  . I n  v i t r o  diges t i on w i t h  en zyme s ext racted f r om 

t h y r o i d  l y s o s o me s h a s  b e e n  s h o w n  t o  d e s t r o y  t h e a n t i g e n i c  

det e rminants o f  thyroglobulin ( Tokuyama et a l  1 9 8 7 ) . Theref ore the 

l a c k  of l a be l l i n g  by the a n t i -thy rogl o b u l i n  immunogold probe may 

ref lect lysosomal catabolism of  the ant igenic determi nant s . Mo st of 

the i nt racellul a r  c o l l oid droplet s were a l s o  not l abe l l ed by t he 

immunogold probe , in contrast to  the st rongly label led extracellular 

col l o i d .  Fusion w i t h  lys o s ome s occurs within 5 t o  10  minutes of  
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droplet f o rmat i on (Wol lman 1 9 8 0 ,  van den Hove -Vandenbroucke 1 9 8 0 ) , 

and most colloid droplet s observed in this study were l e s s  elect ron­

dense t h a n  the ext race l l u l a r  c o l l oid . Thi s i s  a characteristic of  

c o l l o i d  d r op l e t s  t h a t  h a ve f u s e d with l y s o s ome s a nd a re a c i d  

phosphatase-positive , i n  cont rast t o  newly- formed, acid phosphatase­

negative colloid droplets which a re more elect ron-dense than colloid 

(Wollman 1 9 8 0 )  . The re f o re it i s  li kely that most colloid droplet s 

observed al ready cont a i ned lys o s omal enzyme s ,  which had cataboli sed 

t he ant i ge n i c  det e rmi n a n t s  of t he t hy r o g l obu l i n . A l t e rn a t ive ly 

t hy r ogl obulin fragment s may adopt a tert i a ry structu re which makes 

the anti genic determinants inaccess ible to antibody . 

A simi l a r  finding has been reported in another lipofus cin . Despite 

s t r o n g  e v i de n c e  t h a t  s h ed p h o t o r e c e pt o r  o u t e r  s e gme n t  d i s c s  

contribute to lipofuscin in human retinal pigment epitheli a l  cell s ,  

rhodopsin cannot be demonst rated in this lipofuscin by 

immunocytochemi s t ry ( Feeney-Burns et al 1 9 8 8 ) , although it can be 

demo n s t r a t e d  in s e c o nda ry l y s o s ome s f rom t he s ame cel l s . It i s  

p r o b a b l e t h a t  t h e  r h o d o p s i n  i s  n o t  re c o gn i zed b e c a u s e  i t  h a s  

undergone partial lysosomal catabolism .  

SUMMARY 

There w a s  considerable heterogeneity in the histochemi s t ry of  equine 

t hyroid l ipofuscin , but t his was not related to age . 

The lectin histochemi st ry demonst rated the presence of  mannose and/or 

glucose in mo st l ip o f u s c i n  granul es . The positive PAS reaction of 

this lipofuscin was att ributed t o  sugars rather than t o  peroxidation­

derived aldehydes . 

Lipofuscin granules in equine thyroid cha racte ristically stained well 

with stains which demonst rate reducing groups . 

The re w a s  his tochemi c a l  evidence for the presence o f  i ron in s ome 

l ipofuscin granules and DNA in others . 



8 5  

H i s t oc hemi c a l  hete rogene ity between lipofus c i n  granules within the 

s ame follicle ( Fig . 5 : 5 , Fig . 5 : 6 , Fig . 5 : 8 , Fig . 5 : 9 ) , and between 

g r a n u l e s  i n  d i f f e r e n t  f o l l i c l e s , i n d i c a t e d  t h a t  d i s t i n c t  

s ubpopulations , possibly aris ing f rom diverse subst rates entering the 

lysosomal system, exi st within thyrocyte lipofus cin . 

Equine thyroid l ipofu s c i n  s t ained poorly for l ipids even i n  f rozen 

sect i ons . There was no histochemi cal evidence to support the alleged 

l ipid natu re of the 'vacuoles ' .  

The u l t r a s t ruct ural s t udy s uppo rts t he hypothe s i s  that l ip o f u s c i n  

granules a re active organelles de rived f rom lysosomes that fuse with 

colloid droplets . As such, the t raditi onal term ' granul e '  has s ome 

mi s l e ading c onnotat i ons . H oweve r ,  for  simpl i c ity , the u s e  o f  the 

term will continue in this thesis . 

The negat ive react ion o f  t he granules with an anti -thy rogl obul i n  

immunogo l d  probe doe s not negate t h e  hypot he s i s  t h a t  endocyt o s ed 

coll oid cont ributes to l ipofuscin . 
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CHAPTER 6 

LIPOFUSCIN IN THE EQUINE THYROID GLAND : 

ISOLATION AND CHEMICAL ANALYSES 

INTRODUCTION 

Qu a n t i t a t ive a n a l y t i c a l  s t udi e s  o f  l ip o f u s c i n  h a v e  r a re l y  been 

at tempte d . No table except i on s  a re the analyses of h uman c a rdi a c  

l ip o f u s c i n  b y  Hendley et a l  ( 1 9 6 3 a , b ) , and B j o rkerud ( 1 9 6 4 ) . The 

f o rmer reported a l ipid content of up to 4 0 % w / w ,  whi l e  the l atter 

identi fied a wide variety of  lipid species whi ch made up 5 1 %  of  the 

lipofuscin . P roteins were found i n  both studies , and B j o rke rud ( 1 9 6 4 ) 

found t ha t  these represented 3 0 %  of  the l ipofus c i n . I n  addi t ion, 

Hendley et al ( 1 9 6 3a , b )  found an i ron content up to 0 . 2 % .  The widely 

held bel ie f  that l ipofuscin is principally derived f rom peroxidation 

of  l ipid,  with oxidat ive damage to  proteins possibly i nvolved as a 

s e c o nda r y  phe nome n o n  ( s e e  I nt r o du ct i o n ) , h a s  b e e n  deduced f r om 

observat ion of its fluorescent and histochemical prope rties and f rom 

theoretical a rgument s .  

The h i s t o c hemi s t ry o f  e qu i n e  t hy r o i d  l i p o f u s c i n  s u g g e s t e d  t he 

presence o f  several di fferent c hemi c a l  spec ies . The a f finity for 

lipid s t a i n s  was  we a k . The p o s i t ive r e a c t i o n  t o  C o ncanav a l i n  A 

indi c a t e d  the presence o f  mann o s e  and/ or glucose residue s ,  and the 

posit ive PAS react ion a l s o  s upported the presence o f  c a rbohydrate . 

The re was histochemi cal evidence for the presence of  i ron and nucleic 

acids in s ome granules . 

Based on t he h i st ological and u l t ra s t ructural evidence , the thesis  

h a s  been devel oped in the t w o  p receding c hapt e r s  t h a t  l ipofuscin 

granules i n  equine thyrocytes a re an intermediate sta ge o f  funct ional 

lysosome s ,  and that at least s ome of  the chemi cal speci e s  contained 

in them a re derived f rom endocyt o sed colloid.  

This chapt e r  repo rts the i s o l at i on ,  characterisation,  a nd chemical 

analyses o f  i s olated l ipofuscin . 
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SPECIAL METHODS 

Solubility of lipofuscin protein 

A variety of solvent systems were explored, as set out below,  t o  see 

which best di s solved l ipofuscin protein . 

1 )  P e l l e t s  o f  fre shly i s olated l ipofuscin were mixed w i t h  aqueous 

s olut i ons o f  1 -3 %  lithium dodecyl sulphate ( LDS ) with 0 - 1 5 %  

2 -mercapt oethanol , with and without i ncubat ion at 9 0 °C f o r  5 minutes . 

The effect of  pH on the solubil ity o f  l ipofuscin in these s olutions 

was a l s o  t e s ted at pH 7 and a t  pH 1 0 ,  u s i ng lithium hydroxide to 

raise the pH . The extent to whi ch the protein was s ol uble was tested 

by qua n t i t a t i ve amin o  a cid a n a l y s e s  of t he solubl e  a nd i n s ol uble 

f ract i o n s  of lipo f u s c i n ,  and a n  a l i quot of  the lipofuscin that had 

not been exposed to detergent . 

2 )  The s olubility o f  f resh lipo fuscin in formi c acid was tested under 

a range of conditions as follows . 

a ) 9 0 %  formi c acid and sonication at full power ( see Chapter 

3 )  for 60 seconds . 

b ) 9 0 %  formi c acid + 1 %  2 -me rcapt oethanol and s onicat ion at 

full power for 60 seconds . 

c ) 9 8 -1 0 0 %  formi c acid and s onication at full power for 6 0  

seconds . 

d ) 9 8 - 1 0 0 %  formic acid + 1 %  2 -mercaptoethanol and incubation 

for 1 8  hours at 37 °C with continuous mixing . 

T h e  i n s o l u b l e  f r a c t i o n  o f  t h e  l i p o f u s c i n  w a s  p e l l e t e d  b y  

cent ri fugati on . 

3 )  The f o l l owing expe riment s w e re c a rried out to determine whether 

lipofuscin could be made soluble in a solut ion of  acid and detergent , 

and then remai n  soluble as the s olution was adjusted t o  neutral pH . 
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a ) A l i po fusc i n  pellet was resuspended i n  l Ox ( v / v )  9 0 %  

formic ac i d ,  and 1 %  LDS added . The m ixture was t i t rated t o  

pH 7 w i t h  ru�on ia and t he i nsoluble f rac t ion was pellet ed 

by cent ri fugat ion. 

b ) A l i po fu sc i n  pel l e t  was resuspended in l Ox ( v / v )  9 0 %  

f o rm i c  ac id , and 3 %  Tr i t on X - 1 0 0  added . The m ix t u re was 

dried under vacuum over potassium hydroxide ( KOH ) . 

c ) A  l i po fusc in pe l l e t  was resuspended i n  l Ox ( v / v )  9 0 %  

f o rm i c  ac i d ,  and 2 . 5 % ( w / v )  N-Tet radecyl - N , N - d i methyl-

ammon i o - 3 -propane sulphonate added . 

under vacuum over KOH . 

The mixture was dried 

4 )  A f u r t her at tempt at part ial separat i o n  was car r i ed out by t he 

addit ion o f  1 ml 0 . 1  M Tr is HCl , pH 8 . 5  in 7. 5 M guan i d i ne HCl , t o  1 

mg l i p o f u s c i n. 2 - mercapt oe t han o l , 1 5  ul , was added , t he sample 

incubated for 5 minutes at 1 0 0 °C and i ncubated at 3 7 °C for 2 hours . 

The insoluble f ract ion was pelleted by cent r i fugat ion . 

Control thyroid extracts for l ithium dodecyl sulphate po lyacrylamide 

gel e l e c trophore s i s  ( LDS-PAGE ) 

Control t hyr o i d  ext racts were obtained from horses up to 5 years o f  

age , a s  t hese thy r o i ds were unlikely t o  c on tain large amoun t s  o f  

l ipofusc i n . A sample o f  to tal t hyro i d  homogenate f rom an 1 8  month 

old f i l l y was c o llec t ed f o llo w i n g homogen i sat i o n i n  a Sorvall 

Omn imixe r  ( Ivan Sorva"rl Inc . )  f o r  4 5  seconds at fu l l  speed . To t al 

thyro i d  homogenates from two young ho rses , a yearling colt and a 5 

year old geld i ng ,  were separated into water-soluble supernatants and 

water - in soluble pellets by cen t r i fugat ion for 3 0  minu t es 1 5 0 0  g max 

at 4 °C .  Samples o f  supernatan t s  and pellets were c olle c t ed . The 

pellets were resuspended i n  d i s t i lled water , and all samples were 

m ixed w i t h  an equ a l  vo lume o f  6 %  LDS/ 2 0 %  2 - mer c ap t oet hanol and 

incubated at 9 0 °C for 5 minutes . 

Dry mat t e r  c ontent of equine thyroid 

Fresh t hy r o i d  t issue was weighed , lyophilised , weighed again , and t he 

dry mat t er c on tent cal culated . 
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Other methods are given i n  Chapter 3 .  

RESULTS 

Dry matter c ontent o f  equine thyroid 

The mean dry matter content of equ ine thyro id tissue was 2 5 . 6 %  ( Table 

6 : 1 ) .  This resu lt was used for subsequent calculations of the y ield 

of l ipofusc i n  from thyro id tissue . 

Tab l e  6 : 1 .  Dry mat t er content o f  equine thyroid t i s sue 

Horse 
age/ sex 

2 / g 
4 / g 
4 / g 

1 1 / f 
2 0 / s 
2 0 / g 
2 0 / f 
2 5 / g  
3 2 / f 
3 0 / g 
3 0 / f 

Key : 
s = sta l l ion 
g = gelding 
f = female 

Wet 
we ight ( g )  

1 .  0 4  
1 .  0 0  
1 .  o s  
1 .  7 5  
1 .  5 0  
1. 0 3  
1 .  0 3  
1 .  4 1  
1 . 1 2  
2 . 0 8  
1 . 1 7  

I s o la t i on o f  l ip o f u s c iri 

Dry 
weight ( g )  

0. 3 0  
0 . 2 4  
0. 2 9  
0 . 4 8 
0. 3 5  
0 . 2 6  
0 . 2 4  
0 . 3 4  
0 . 3 0  
0 . 4 6  
0 . 3 4  

Mean = 

Dry matter 
content 

2 8 . 8 % 
2 4 . 0 % 
2 7 . 6 % 
2 7 . 4 %  
2 3 . 3 %  
2 5. 2 % 
2 3 . 3 %  
2 4. 1 %  
2 6 . 8 % 
2 2. 1 %  
2 9. 1 %  

2 5. 6 %  s. d .  = 2 . 4 

Isolation of l ipofuscin granu les was ach ieved without recourse to the 

use of proteo l yt i c  enzymes by ri gorous homogeni zation, osmoti c  shock ,  

soni cation , g l ass wool fi ltration , and centrifugation. Preparat ions 

were substanti a l l y  free of cel lu lar debr is and fibrous contam inants , 

as determined by e lectron microscopy ( Fi g . 6 : 1 ) . Isolated l ipofusc i n 

granu les had the same u ltrastructure as they had i n  s itu , w i th the 

same d i vers i t i es i n  s i ze ,  shape , e l ec tron dens i ty, and rel ative 

proporti ons of ' matrix ' and ' vacuoles ' .  



Figure 6 : 1 .  

I solated lipofuscin granules . P repa rations were s ubstant i ally f ree 

of cellula r debr i s  a nd fibrous cont aminants . 
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The purity of  the isolate was not improved b y  the u s e  o f  a sieve t o  

homogeni z e  thyroid t i s s ue ( Alqu i e r  et a l  1 9 8 5 ) , o r  b y  t he u s e  o f  

c o l l agenase , with the attendant r i s k  of  int roducing other exogenous 

protea ses . 

I s o l a t e s  o f  l ip o f u s c i n  w e r e  lyophi l i s ed ,  w e i ghed ,  and e xp r e s sed 

relative t o  dry thyroid weight . Lipofuscin yields va ried conside rably 

between i ndividual s ,  but the re was no correlat ion with age ( Table 

6 :  2 ) . 

Table 6 : 2 .  Yields of lipofuscin granules isolated from equine thyroid 

glands 

Source Weight Weight dried mg dried l ipofuscin 
age / sex wet ti ssue ( g )  l ipofuscin (mg )  per g dried t i s sue 

3 1 0 / 2 s  
3 0 9 / 4g 
3 1 0 / 4g 
4 8 0 / 9g 
3 0 8 / 1 l f  
5 2 3 / 1 2g 
5 3 0 / 1 3 f 
5 3 1 / 1 4 f  
5 1 9 / 1 5g 
5 3 1 / 1 5 f 
4 9 8 / 1 8 f 
5 1 2 / 1 8 f  
52 3 / 1 8g 
5 3 0 / 1 8 f  
5 6 4 / 1 9g 
3 0 7 / 2 0 s  
3 0 8 / 2 0g 
3 1 1 / 2 0 f  
5 0 0 / 2 0 f  
5 0 9 / 2 0g 
5 0 9 / 2 3f 
5 3 1 / 2 4 f  
3 0 9 / 2 5g 
5 3 1 / 2 8 f 
3 0 6 / 3 0g 
3 1 2 / 3 0 f  
5 1 9 / 3 0 g  
52 3 / 3 0 f  
5 0 0 / 3 1g 
3 1 2 / 32 f  
5 2 3 / 3 2 f  

3 1 . 91 
1 1 . 0 6 
1 7 . 1 0 
3 1 . 8 4 
2 7 . 9 0 
1 1 . 8 3 
1 6 . 1 8 
2 4 . 9 9 
1 9 . 3 4 
1 7 . 4 3 
2 7 . 9 6 
1 1 . 2 2 

9 . 3 3 
2 9 . 1 2 

9 . 5 9 
1 1 . 1 0 

5 . 6 1 
6 . 6 7 

3 7 . 5 1 
2 3 . 7 0 
1 2 . 6 5 
2 4 . 4 5 
1 6 . 0 3 
1 6 . 9 5 

8 . 1 8 
2 6 . 0 8 

8 . 67 
1 2 . 4 6 

7 . 0 6 
1 0 . 4 8 

9 . 4 9 

1 6 . 1  
2 9 . 9  
3 6 . 7  

2 2 5 . 2  
7 4 . 7  
1 3 . 5  
1 2 . 4  
1 1 . 4  

8 . 8  
8 . 7  

3 7 . 0  
2 8 . 5  
1 3 . 0  
2 9 . 8  
3 3 . 0  
3 5 . 5  
3 5 . 9  
1 4 . 7  
3 1 . 2  
2 0 . 5  
2 9 . 8  
2 9 . 4  
7 3 . 8  
1 7 . 0  
2 2 . 2  

1 4 1 . 9  
1 9 . 5  
3 3 . 5  
1 9 . 3  
3 3 . 2  
2 3 . 5  

Key : s = stal lion g = gel ding f = female 

2 . 0  
1 0 . 5  

8 . 4  
2 7 . 5  
1 0 . 4  

4 . 4  
3 . 0  
1 . 8  
1 . 0  
1 . 9  
5 . 2  
9 . 9  
5 . 4  
4 . 0  

1 3 . 4  
1 2 . 5  
2 4 . 9  

8 . 6  
3 . 2  
3 . 4  
9 . 2  
4 . 7  

1 7 . 9  
3 . 9  

1 0 . 6  
2 1 . 2  

8 . 7  
1 0 . 5 
1 0 . 7  
1 2 . 3  

9 . 6  
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Density determination 

Lipofuscin granules did not band to a single density on a 1 M t o  3 . 4  

M C s C l  g radient , but were evenly di st ributed ove r a wide range of  

den s i t i e s  ( Table 6 : 3 ) . When s ample s  w e re cent ri fuge d  for a muc h  

l o n g e r  t i me , 5 6  h o u r s , t h e s ame r a n g e  o f  den s i t i e s  o c c u r re d  

indicating that i s opycnic condi t i ons had been reached . 

Table 6 : 3 .  Density of lipofuscin granules 

Horse 
Sex / age 

f / 1 7  
g / 2 0  
f / 2 1  

Density range 

1 . 1 4 
1 . 1 7 
1 . 1 2 

1 .  4 1  
1 .  3 4  

- >1 . 4 7 

E l e c t r o n  mi c r o s co p i c  exami n a t i o n  o f  s amples o f  di f fe rent den s i t y  

s h o w e d  n o  obv i o u s  rel a t i o n s h i p  b e t w e e n  de n s i t y  a n d  mo rph o l ogy 

a l t h o u gh s ome l o s s  of  mo rpho l o gi c a l  det a i l  o c c u r re d  du r i n g  the 

i sopycni c cent ri fugation, probably due to the high salt 

concent rat ion . 

Elemental analysis of lipofuscin 

Hydroge n ,  carbon , nit rogen,  sulphur, and total halide s  were measured 

in s amples of l ipofuscin and thyroid t i s sue from four horses ( Table 

6 : 4 )  . T h e  p r o p o r t i o n s  o f  t h e s e e l eme n t s  w e re s imi l a r  between 

individual s .  The nit rogen content of lipofuscin wa s consistent with 

the presence of proteins or nucleic a c i ds , but was not as  high as 

that of t otal thyroid t i s sue . In contrast , lipofuscin contained a 

h i g h e r  p r opo r t i o n  o f  h a l i de s . C a rb o n ,  h y d r o g e n , a n d  s u l p h u r  

concentrat ions of  l ipofusc i n  were similar to those o f  thyroid t i s sue . 

The concentrations o f  the met a l l i c  elements in  isolated lipofuscin,  

and i n  t hyroid t i s sue s ample s ,  f rom 1 1  horses were measured ( Table 

6 : 5 ) The mean metal content of  thyroid t i s sue was 1 . 4 % (Table 6 : 6 ) . 

The cont r ibut i o n  of  met a l s  t o  l ipo f u s c i n  mas s  was highly vari able , 

ranging f rom 0 . 9 % t o  4 . 4 % ,  a s  w a s  the c oncent rat i o n  o f  individual 

element s .  



Table 6 : 4 .  Elemental composition of equine thyroid lipofuscin : 

non-metallic elements ( %  by weight ) 

Horse % H  %C %N % S  ( % I ) * %P 

4 /gA 6 . 8 8 4 4 . 1 3 8 . 2 8  0 . 9 5 4 . 2 2 0 . 6 4 
1 1 / f  7 . 3 9 4 5 . 4 5  9 . 1 6 0 . 9 0 6 . 2 9 0 . 3 4 
2 5 / g  7 . 1 6 4 9 . 8 1 7 . 6 2 1 .  4 0  4 . 9 3 0 . 1 6 
3 0 /m 6 . 7 0 4 2 . 0 7 8 . 9 6 0 . 9 0 4 . 9 0 0 . 4 3 

THYROI D  T I S SUE 
mean 6 . 9 1 4 5 . 4 8  1 2 . 2 5 1 . 1 6 2 . 52 0 . 5 6 
s . d . 0 . 1 0 0 . 4 8 0 . 3 7 0 . 1 5 0 . 6 5 0 . 1 8 

* total halide s ,  c a lculated as i f  i t  was a l l  iodine 
------ - - - - - - ---- - ---------- - - - - - - - - - --- - - - - - ------- - - - - - - - - -- - - - -
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The re w a s  no a ge - re l a ted t rend in the t o t a l  amo u n t  o f  me t a l  i n  

lipofu scin,  n o r  w a s  there any age- related increase in t h e  amount of  

any one metal in l ipofuscin . 

The concent ration of  each element i n  lipofuscin was compa red to  that 

in thyroid t i s s ue f rom the s ame horse ( Table 6 : 7 )  An e lement was 

cons idered to be ' s t o red' if the concent ra t i on i n  l i p o f u s c i n  was 

twice,  or  mo re than twice,  that in thyroid t i ssue . The re was sto rage 

of mo s t  met a l s  in l i pofusc in . The s t o red met a l s  w e re a l umin i um, 

c a l c i um ,  c h romi um, coppe r ,  i r o n ,  ma nga n e s e , mo lybdenum, n i c ke l , 

st rontium, and zinc . Lead was st ored in four of  the eleven animals . 

However pot a s sium, magnesium, and sodium were not st o red . Boron , not 

usua l l y  rega rded as a metal , w a s  s t o red . Phospho ru s ,  another non-

meta l l i c  element measured, was stored in only two anima l s . 

Phosphorus a ccounted for 0 . 1 5 %  to  0 . 6 4 %  o f  the mass o f  t he l ipofuscin 

g r a n u l e s .  I f  a l l  t h e p h o s p h o r u s  p r e s e n t w a s  a c o mp o n e n t  o f  

phospholipids , then the ma s s  o f  pho spholipid would be 2 5  x that of  

the pho spho rus ( Kates 1 9 7 2 ) , and would t he refore account for  a mean 

of  7 . 5 % of  l ipofuscin mas s  (n = 1 1 , s . d .  = 3 . 7 ) . H owever , some o f  

t he pho spho rus i n  l ipo fuscin w a s  a component of  nucleic a cids ( see 

below ) so actual phosphol ipid content must be below this  figure . 



Table 6 : 5 .  Elemental composition of equine thyroid lipofuscin : 

metallic elements ,  boron and phosphorus (ug/g) 

Horse Al B ea Cd Cr Cu Fe K Mg Mn Mo Na Ni p Pb S r  Z n  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

2 / s  3 4 9  4 1  3 5 32 neg 13  17  3 8 3  2 9 4  3 3 7  2 neg 92 9 9  neg 3 8 1 4  neg 1 0  1 1 4  
4 /gA 1 8 6  1 5  2 4 8 1  5 3 5  5 3  4 67 5 7 8  2 9 1  4 neg 1 5 1 7 1  2 1  6 3 9 1  2 3  9 1 7 1  
4 /gB 2 5 7  2 3  9 3 1 1  neg 1 7  12  7 3 8  1 5 5  4 1 3  8 neg 2 5 0 6  1 0  2 1 3 9  neg 1 3  1 9 5  
1 1 / f  2 42 12  5 6 1 1  4 5 1 1 9  2 8 5  2 1 6  4 0 8  5 2 2 9 4 8  3 0  3 3 5 7  neg 1 1  1 12 
2 0 / s  1 9 4  1 6  6 3 7 2  5 8 3 5  8 3 9  3 0 3  6 0 7  1 0  5 32 6 3  8 2 4 7 5  1 4  1 0  3 8 3  
2 0 /g 1 5 0  1 5  9 6 0 5  neg 1 0  2 1  4 1 8 7  1 2 5  4 3 6  1 2  4 1 6 7 3  8 1 5 4 6  1 5  1 0  3 2 7  
2 0 / f  2 5 7  5 4  1 4 0 7 7  neg 32 51 2 9 8 4  2 2 7  5 0 3  3 4  3 4 7 8 9  1 6  2 8 9 3 neg 2 1  3 1 6  
2 5 /g 1 4 5  1 4  3 4 1 0  neg 2 4  2 6  6 5 9  2 5 5  4 0 9  1 6  3 3 8 5 8  1 4  1 63 2  neg 7 2 1 2  
3 0 /g 8 7 8  1 7 6  1 4 1 9 7 neg 4 4  4 2  1 8 4 6  3 4 2  7 9 9  2 0  5 5 3 1 5  1 0  2 8 4 1  3 2  2 4  3 3 4  
3 0 /m 1 7 9  2 2  3 9 3 4 7  neg 5 9 2 7 1  2 2 1  4 6 0  9 5 3 6 6 7 5 4 3 2 8  neg 2 1  1 7 9  
3 2 /m 1 7 0  2 0  7 6 3 6  7 9 2 7  5 6 5  2 3 9  3 6 5  9 3 2 9 0 5  4 1 4 8 3  neg 1 0  2 9 6  

Thyroid tissue 

mean 2 0  1 8  1 2 6 5  neg neg 4 1 8 2  2 8 0 3  4 92 2 0 . 3  9 1 9 3  neg 5 62 0  2 1 6 4  
s . d .  2 8  2 8  8 1 4  2 1 4 6  1 7 9 1  90  2 0 . 1  1 4 5 1  1 7 5 7  0 . 2 0 . 4  2 7  

neg = negligible . 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

ID w 



Horse 

2 / s  

4 / g 
4 / g 
1 1 / f  

2 0 / s  

2 0 / g 
2 0 / f  

2 5 /g 
3 0 / g 
3 0 / f 

3 2 / f  

I 
Table 6 : 6 .  Metal content of thyroid tissue and thyroid lipofuscin 

Total met a l /  

dry t i s s ue 
mg / g % 

1 0 . 7 1 . 1  

1 0 . 3  1 . 0  

1 3 . 2  1 . 3  

1 1 . 4  1 . 1  

1 5 . 8  1 . 6  

1 7 . 3  1 . 7 

1 5 . 4  1 . 5  

1 1 . 3  1 . 1  

1 6 . 6  1 . 7 

1 6 . 6  1 . 7 

1 5 . 7  1 . 6  
- - - - - - - - - - - -

me an = 1 .  4 %  

( 8  . d .  = 0 . 3 ) 

Total met a l /  

dry l ipofuscin 

mg / g % 

1 2 . 7  1 . 3  

1 9 . 5  "" 2 . 0  

1 3 . 6  .. 1 . 4  

1 0 . 0  = 1 . 0  

1 2 . 1  1 . 2 

1 6 . 6  = 1 . 7 

2 3 . 3  ,.. 2 . 3 

9 . 1  = 0 . 9  
2 3 . 9  .. 2 . 4 

4 4 . 4  4 . 4  

1 2 . 2  "" 1 . 2 
- - - - - - - - - - - -

me an = 1 .  8 %  

( s . d  = 1 . 0 ) 

Lipo fuscin met a l /  

dry t i s sue 
mg / g 

0 . 0 2 

0 . 2 2  

0 . 1 1 

0 . 1 0 

0 . 1 7 

0 . 4 2 

0 . 2 2 

0 . 1 8 

0 . 2 9  

0 . 5 2 

0 . 2 3  

me an = 0 . 2 3  mg / g 

( s  . d .  = 0 . 1 4 )  



Table 6 : 7  Ratio of stored
* 

elements in lipofuscin compared to thyroid tissue 

Horse 

2 / s  
4 / gA 
4 / gB 
1 1 / f  
2 0 / s  
2 0 /g 
2 0 / f  
2 5 /g 
3 0 /g 
3 0 /m 
32 /m 

in l ipofuscin/ element in tis sue E lement 
Al B Ca Cr Cu Fe Mn Mo Ni P Pb Sr Zn 

98 30 
1 5  
3 0  
1 1  
2 3  
1 5  
1 9  
1 9  

2 
7 
0 . 5 
1 
2 
5 
4 

6 
4 
9 
7 
7 
7 

1 1  
4 

3 8  8 
8 6  12 
28 3 
1 3  5 6  
2 1  6 

6 4 neg . neg . 1 neg . 1 0  
4 3 neg . 4 8  1 1 1  1 0  
5 3 neg . 2 6  0 . 4  neg . 1 0  
7 1 4  1 0  7 4  1 neg . 1 0  
7 5 1 6  1 9  3 7 9 

2 4  4 1 1  
7 9  1 0  6 

6 
5 
5 7 8  5 3 

1 0 3  1 5  1 5  1 1 4  
2 0 . 2 1 1  1 6  

7 1 4  1 1  
4 7 1 0  
6 4 5 

1 0  
1 2  
1 0  
1 6  
2 2  
1 0  

1 8  
3 6  
4 2  
2 4  
1 5  
1 1  

0 . 2 7 1 0  
2 neg . 2 3  
0 .  3 neg . 9 
0 . 4  1 6  2 1  
1 neg . 1 0  
0 .  3 neg . 1 0  4 8  5 4 2 6  

5 
4 
4 
4 
4 
3 
4 
3 
4 
5 
4 

Tot a l  %w/w of  
elements stored* 
in l ipofuscin 

0 . 4 5 
1 .  8 6  
1 .  0 6  
0 . 6 5 
1 .  0 4  
1 .  4 4  
2 . 0 7 
0 . 4 5 
1 .  7 6  
4 . 0 0 
0 . 8 8 

* an element was cons idered to  be stored i f  the re was a twofold or  greater 
increase in ppm element in the lipofuscin compa red to  the t is sue . 

10 
ll1 
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The proportions o f  di fferent met a l s  within l ipofuscin i s olates were 

h i ghly v a r i able between anima l s ,  with t he exception of zinc . The 

ratio of  lipofuscin zinc / t hyroid z inc was consi stently between 3 and 

5 ( inclusive ) . 

Proteins 

So1ubi1ity of 1ipofuscin and 1ipofuscin protein : None o f  the solvent 

systems tested completely di ssolved lipofuscin proteins . Most of  the 

l ipofuscin was soluble in 9 8 %  formi c acid, at a concent ration of  1 -2 

mg lipo f u s c i n /ml , when f o l l owed by 6 0  s e c o nds soni cat i on at full  

power . Le s s  of  t he l ipofuscin was soluble i n  9 0 %  fo rmic acid, as  

measured by the relat ive size of  the insoluble pellet obtained after 

centri fugat i on . The addit i on of  2 -me rcaptoethanol did not a f fe c t  

s o lubi l i ty . S o l ut i o n s  o f  l i p o f u s c i n  in 9 8 %  f o rmi c a c i d  were not 

s u i t able for polyacryl amide ge l electropho re si s ,  but were used for 

quantitative amino acid analyses . 

Lipofus cin did not di s solve in the neutral dete rgent s T ri ton X-1 0 0  or  

N - Tet r a de c y l -N , N - d i me t h y l - ammo n i o - 3 - p r op a ne sulphon a t e , no r in  

guanidine HCl . A l a rge pre c i pi tate fo rmed when the f o rmi c acid­

s o l uble component s were mixed with these dete rgent s and the formic 

acid removed by neut ral i s ation or  evaporat ion . 

To  di s s olve the protein in i o n i c  detergent , for separation by LDS ­

PAGE , a n  aqueous s olution of  6 %  LD S and 2 0 %  2 -me rcaptoethanol was 

a dd e d  t o  a n  e qu a l  v o l ume of aqu e o u s  s u s p e n s i o n  of 1 - 2 mg / ml 

l ipofuscin,  followed by incubation for 5 minutes at 9 0°C .  Lipofuscin 

s o lub i l i ty was mea su red by c ompa ri son of qua ntitat ive amino a c i d  

analyses of  the separated supe rnat ant and pel let , and of a sample o f  

t he int act l ipofu s c i n . The met hod di s s olved 8 1 %  of  the l ipofuscin 

prot e i n  ( range 7 9 . 3 % t o  8 2 . 5 % ,  n = 3 ) . I ncreas ing t he pH o f  t he 

s olvent solution with lithium hydroxide did not affect solubility . 

Addi t i on of a s olut ion o f  3 %  LDS and 1 0 %  2 -me rcapt oethanol di rectly 

t o  a concent rated pel let of lipofuscin caused the format ion of  l a rge 

clumps of lipofuscin and much poorer solubi lity as a result . 



LDS -P olya c ryl amide gel e l e ctrophore s i s  ( LD S - PAGE ) : 

97 

LD S - PAGE o f  

l ipofuscin proteins revealed that all samples ( n  = 7 )  had a group of  

four ma j o r  protein bands in common,  with appa rent molecu l a r  weight s 

between 1 4  and 1 8  kDa ( F i g . 6 : 2 ) . In some s ampl e s  these were the 

ma j o r  p r o t e i n s  present w h i l e  i n  o t h e r s  nume r o u s  bands o f  higher 

molecular weight were also present . Greate r sensitivity and supe rior 

re s ol ution of  the protein bands was obt ained when gels  we re stained 

w i t h  s i lve r ,  using the spe c i al s i lve r stain de scribed, compared to 

Cooma s sie Blue . The s t a ini ng o f  the four ma j o r  protein b ands was 

g r e a t l y  i mp r oved w h e n  t he f i r s t  s i l v e r  s t a i n  was removed w i t h  

Farme r ' s Reducer ( see Chapter 3 )  and the gel overstained again with 

s i l v e r .  I n  s ome c a s e s  t h e  f o u r  ma j o r  p r o t e i n  b a n d s  s t a i n ed 

negatively , or were not appa rent , with the first silver stain,  but in  

a l l  cases  they stained well with the overstain . It was not pos s ible 

t o  measure how much protein was loaded by the method of Lowry ( 1 9 51 ) , 

because the protein fra cti on was insoluble in the solut i ons used, and 

the addition of 2 -mercaptoethanol interfered with the Lowry a s s ay . A 

range of  concent rations of  each sample were l oaded . Only a smal l  

propo rtion of  the protein w a s  reta ined in the stacking gel . 

The se four ma jor protein bands ext racted from i s olated l ipofuscin in 

c h l o r o f o rm/methanol / ammonium acetate ( 2 : 1 : 1 0 0  mM ) , remained in the 

c h l o r o fo rm layer when w a t e r  wa s added , but prec ipit a t ed upon the 

addi t ion o f  ethe r .  P roteins which can be di s s olved and precipitated 

by t hese methods have been termed proteolipids ( Folch and Lees 1 9 51 ) . 

This prope rty enabled the sepa ration of the four proteins f rom most 

of  t he other proteins in lipofus cin . This was confirmed by LDS -PAGE 

of the precipitate after addition of ether ( Fig . 6 : 2 ) , on which the 

proteins showed a lack of  definition . The four proteins had simi l a r  

ami n o  a c i d  compo s i t i on t o  t h e  t ot a l  l i po f u s c i n  prot e i n  and t o t a l  

thyroid homogenates ( Table 6 : 8 ) . The lack o f  definition on LDS -PAGE 

f o l l o w i n g  p r e c i p i t a t i o n  ma de e l e c t r ob l o t t i n g  o f  t h e p r o t e i n s  

d i f f i c u l t ,  s o  e l e c t r o b l o t t i n g  o f  t h e  t o t a l  l i p o f u s c i n  p r o t e i n  

f r a c t i o n  w a s  u s e d  t o  o b t a i n  s a mp l e s  s u i t a b l e  f o r  a mi n o  a c i d  

sequencing . When elect roblotted ont o PVDF membrane the four proteins 

stained with Coomassie Blue and Amido Black stains (Fig . 6 : 2 ) . They 

did not 



Figure 6 : 2  

Montage o f  l ipofuscin proteins separated by LDS -polyacrylamide 

electrophoresis . 

Lanes A t o  F stained and overstained with silver . 

Lane A :  Low molecular weight standards . 

Lane B :  Pellet of  thyroid homogenate f rom 5 year old horse . 

Lane C :  Equine thyroid l ipofuscin proteins pooled from a 

2 5  year old mare and a 3 0  year old gelding . 

Lane D :  Thyroid t otal homogenate f rom an 1 8  month old 

filly . 

Lane E :  Equine thyroid l ipofuscin proteolipids separated in 

chloroform/methanol / ammonium acetate . 

Lane F :  Non-proteolipid protein f raction from the same 

i solate as  Lane E .  

Lane G :  Equine thyroid lipofuscin proteins elect roblotted 

onto PVDF membrane and stained with Amide Black . 

Four p rotein bands with molecular weight s between 1 4  and 1 8  kDa 

( l a ne s C a nd G) a re c ommon to a l l  l ipofuscin i s olates . The s e  

proteins a re proteolipids ( l ane E ) , a s  they are largely removed 

by chl oroform/methano l / ammonium a cetate ( l ane F ) . P roteins whi ch 

e o -migrate with the prote o l ipids a re detected in the pel let of 

the total thyroid homogenate of  a 5 year old horse ( lane B )  but 

only a 14  kDa band i s  present in the total thyroid homogenate o f  

/ an 1 8  month old filly . 
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Table 6 : 8  Amino acid composition of thyroid tissue , isolated lipofuscin , and 
extracted proteolipid compared to thyroglobulins 

Amino 
Acid 

Asp+Asn 
Thr 
Ser 
Glu+Gln 
P ro 
Cys 
Gly 
Ala 
Va l 
Met 
I le 
Leu 
Tyr 
Phe 
His 
Lys 
Arg 
Trp 

Mean molar% 
thyroid 
(n  = 4 )  

8 . 6 ( + / - 0 . 6 ) 
4 . 7 ( + / - 0 . 1 ) 
6 . 8 ( + / - 0 . 5 )  

12 . 9 ( + / - 0 . 3 ) 
7 . 3 ( + / - 0 . 5 )  
n . m .  

1 2 . 0 ( + / - 0 . 9 ) 
9 . 0 ( + / - 0 . 5 )  
6 . 3 ( + / - 0 . 3 )  
1 . 2 ( + / - 0 . 3 )  
3 . 1 ( + / - 0 . 4 )  
9 . 4 ( + / - 0 . 2 )  
2 . 3 ( + / - 0 . 3 )  
4 . 7 ( + / - 0 . 3 ) 
1 . 5 ( + / - 0 . 2 )  
4 . 5 ( + / - 0 . 8 ) 
5 . 8 ( + / - 0 . 3 )  
n . m .  

Key and Footnotes : 
n . d .  = not detected 
n . m .  = not measured 

Mean molar% 
l ipofuscin 
(n  = 2 5 )  1 

9 . 1  
4 . 8  
6 . 9  

1 0 . 3  
6 . 7  
n . m .  

1 2 . 5  
9 . 0  
6 . 7  
1 . 0  
3 . 3  
9 . 2  
2 . 7 
4 .  8 
2 . 0 
4 . 7 
5 . 4  
0 . 7  

( + / ­
( + / ­
( + / ­
( + / ­
( + / -

( + / ­
( + / ­
( + / ­
( + / ­
( + / ­
( + / ­
( + / ­
( + / ­
( + / ­
( + / ­
( + / ­
( + / -

1 . 1 ) 
0 .  4 )  
0 . 8 )  
2 .  4 )  
0 .  5 )  

1 .  9 )  
0 .  6 )  
0 .  4 )  
0 .  4 )  
0 .  4 )  
1 .  0 )  
0 . 2 )  
0 .  4 )  
0 .  4 )  
0 .  4 )  
0 . 5 )  
0 . 2 )  

Mo lar% 
proteolipid 
(n = 1 )  

1 1 . 8  
4 . 2  
5 . 7  

1 3 . 6  
4 . 8  
n . m 

1 2 . 1  
1 0 . 1  

8 . 1  
n . d .  
4 . 5  
9 . 3  
3 . 9  
4 . 7  
1 . 1  
6 . 2 
n . d .  
n . m .  

Molar% 
bovine 
TG2 

7 . 0  
4 . 6  
9 . 5  

1 2 . 4  
7 . 0  
4 . 4  
7 . 7  
8 . 7  
6 . 0  
0 . 9  
2 . 7  
9 . 6  
2 . 6  
5 . 1  
1 . 1  
2 . 7  
6 . 5  
1 . 4  

Molar% 
human 
TG3 

7 . 5  
5 . 3  
9 . 7  

1 3 . 1  
6 . 2  
4 . 4  
7 . 6  
7 . 1  
5 . 9  
1 . 4  
3 . 0  
9 . 4  
2 . 4  
5 . 1  
1 . 5  
3 . 3  
5 . 5  
1 . 6  

1 n = 2 5  for a l l  amino ac ids except t ryptophan, for which n = 5 .  
2Mo lar percent age s  of  amino acids in bovine thyroglobulin,  as  ca lculated from 
�rima ry amino acid sequence (Mercken � 1 9 8 5 ) . 

Mola r percent ages of amino ac ids in human thyroglobul i n ,  a s  calculated f rom 
prima ry amino acid sequence (Malthiery and L i s s it zky, 1 9 8 7 ) . 

ID (X) 
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l abel with Concanava l i n  A,  but s t ai ned negatively compa red to the 

mat rix . The four 1 4 - 1 8  kDa protein bands were detected in t he pellet 

fraction of total thyroid homogenate f rom a 5 year old gelding ( Fig . 

6 : 2 ) , which would cont ain lipofus cin as  wel l a s  other constituent s o f  

thyroid t i s sue which a r e  insoluble i n  wate r .  A band mig ra t i ng a t  a 

s imi l a r  r a t e  t o  t he 1 4  kD a b a n d  w a s  p r e s ent i n  t o t a l  t h y r o i d  

homogenate f rom a n  1 8  month old f i l ly ( Fig . 6 : 2 ) , and i n  the water­

s o l uble ( supernat ant ) f raction o f  t o t a l  thyroid homogenate f rom a 

yearling col t ,  but no bands corresponding to the othe r three proteins 

of  interest were obse rved in these sample s . 

Ami no a c i d  c omp o s i t i o n  of l i p o f u s c i n ,  proteol ipid f ra c t i on of 

lipofuscin protein,  thyroid tis sue , and thyroglobulin : The mol a r  

ratios o f  ami no a cids i n  l ipofu s c i n  were highly repeatable between 

a s s ays of seve r a l  samples f rom the s ame horse and between s amples 

from di ffe rent horses , as  shown by st anda rd deviations in Table 6 : 8 .  

T h e  ami n o  a c i d  c omp o s i t i o n o f  l i p o f u s c i n  w a s  s i mi l a r  t o  the 

c o l lective ami n o  a c i d  c ompo s i t i on o f  t he f o u r  1 4 - 1 8  kD a proteins 

purified by ext r a c t i o n  with chl o r o f o rm/met hanol / ammonium acetate 

( 2 : 1 : 1 0 0  mM )  foll owed by ethe r prec ipitation ( Table 6 : 8 ) . They were 

a l s o  s imi l a r  t o  t h o s e  in lyoph i l i s e d ,  pulveri sed equ i n e  t hy roid 

t i s sue , and t o  those calculated f rom the primary amino acid sequences 

of  bovine and human thyrogl obul in ( Table 6 : 8 ) . 

The re was no  evi dence for the presence of  pyridosine o r  f u r o s ine ,  

typically p roduc t s  of  nonen zymat i c  glyc ation o f  l y s i n e - c o n t a i ning 

protein (Mauron 1 9 8 1 ) . 

Because the protei n  fraction of l ipofuscin was not ent i rely s o l uble 

in LDS / 2 -mercaptoethanol ,  1 9 %  of the protein could not be obse rved by 

LDS -PAGE . The amino acid composition of  this f raction was s imi l a r  to 

that of the s oluble f raction and that of total lipofu s c i n  p ro tein 

( Table 6 : 9 ) with t he except ion that it contained a greater proportion 

of glycine . 



Table 6 : 9 Amino acid composition of lipofuscin protein, lipofuscin protein 

fraction soluble in LDS/2 -mercaptoethanol ,  and lipofuscin protein fraction 

insoluble in LDS/2-mercaptoethanol 

Amino Mean molar% Mean molar% Mean molar% 
acid l ipofuscin so luble fract ion insoluble f ract ion 

(n = 2 5 )  (n  = 2 )  ( n  =2 )  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Asp+Asn 9 . 1  ( + / - 1 . 1 ) 8 . 1 0 7 . 7 9  
Thr 4 . 8  ( + / - 0 .  4 )  5 . 8 3 4 . 5 1 
Ser 6 . 9  ( + / - 0 .  8 )  7 6 . 7 3 5 . 7 6  
Glu+Gln 1 0 . 3  ( + / - 2 .  4 )  1 0 . 6 8 9 . 3 1 
P ro 6 . 7  ( + / - 0 . 5 ) 6 . 3 8 8 . 3 7 
Cys n . m .  n . m .  n . m .  
Gly 1 2 . 5  ( + / - 1 .  9 )  1 0 . 1 6 2 0 . 9 9 
Ala 9 . 0  ( + / - 0 .  6 )  9 . 6 1 1 0 . 5 8 
Val 6 . 7  ( + / - 0 .  4 )  7 . 0 6 7 . 2 6  
Met 1 . 0  ( + / - 0 .  4 )  0 . 0 6 0 . 37 
I le 3 . 3  ( + / - 0 .  4 )  4 . 6 3 2 . 8 2 
Leu 9 . 2  ( + / - 1 .  0 )  1 0 . 0 1 8 . 5 9  
Tyr 2 . 7  ( + / - 0 . 2 )  0 . 8 4 1 . 2 4  
Phe 4 . 8  ( + / - 0 .  4 )  4 . 6 7 3 . 8 7 
His 2 . 0  ( + / - 0 .  4 )  2 . 3 5 1 .  4 2  
Lys 4 . 7 ( + / - 0 .  4 )  7 . 4 7 3 . 1 1 
Arg 5 . 4  ( + / - 0 .  5 )  5 . 4 6 4 . 4 0 
Trp 0 . 7  ( + / - 0 .  2 )  n . m .  n . m .  

n . m .  not measured . 

..... 
0 
0 
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Protein sequencing : J . E  Walker, J . M .  S kehel , and I . M .  Fearnley a t  

the M . R . C .  Labo rat o ry o f  Mo lecul a r  Biol ogy , Hill s Road, Camb ridge , 

UK, attempted to  sequence the four 1 4 -1 8 kDa proteins f rom the PVDF 

memb rane bl ot s . The pieces o f  membrane c on t a ining t he Cooma s s i e  

blue - st ained bands of  interest were cut f rom the blot and loaded into 

an Applied Biosys tems 4 7 0A s equence r ,  i n  t he pre sence of only the 

T e f l o n  s e a l , w i t h  ne i t he r  p o l yb rene n o r  g l a s s  f i b re di s c s ,  a s  

described by Fea rnley et al { 1 9 9 0 )  . A numbe r of amino acids showed 

at each cycle but no sequence information could be determined . 

P rotein content of lipofuscin : The protein c ontents o f  lipofuscin 

i s ol at e s  fr om 18 h o r s e s  were me a s u red by qu anti t a t i ve ami no a c i d  

a n a l y s e s  o f  hy d r o l y s a t e s . When di f f e r e n t  samp l e s  o f  i s o l at e d  

l ipo f u s c i n  f rom the same horse were hydrolysed individually,  there 

was c o n s i derable va riabil ity in the prop o r t i o n  of  protein present 

{ Table 6 : 1 0 ) . The mean protein content o f  thyroid l ipofuscin was 3 6 %  

w/w but the range was f rom 1 5  t o  7 7 % . The variat ion between dupli cate 

s amples was not due to  weighing errors as all samples were dried t o  

const ant weight , w i t h i n  0 . 0 1 mg , over s i l i ca gel . A l t e ring the 

d u r a t i on o f  hydr o l y s i s , to e n s u r e  t h a t  c omp lete hydro l y s i s  w a s  

a chieved, w a s  inve s t i gated.  S amples usually showed a 1 - 2 %  loss  of  

t otal protein ma s s ,  w i t h  the ami no acid rat i o s  remaining the s ame , 

for each 2 4  hour increase in hydrolysis t ime t o  72 hours . Howeve r ,  

i n  s ome c a s e s  the protein ma s s  c a l culated w a s  higher a ft e r  l o nge r 

hydrolysi s ,  while in othe rs t he protein content was much l ower . I t  

w a s  therefore concl uded that the variation in prot ein c ontent w a s  

probably due to heterogeneity within the i s olate . 

To  investigate the problem of poor repeat abi lity furthe r ,  l ipofuscin 

i solates from a further six horses were di s solved as much a s  possible 

in 9 8 %  f o rmi c a c i d ,  s on i c a t e d  f o r  60 s e c onds at f u l l  powe r ,  and 

agit a t ed whi l e  dupl i c a te or  t ripli cate a l iqu o t s  we re t a ken . The 

fo rmic acid was evapo rated and the al iquot s  hydrolysed for 24 hours . 

Re sul t s  o f  quantitative ami no acid analyses o f  these sample s  showed 

mu ch l e s s  v a r i ab i l i t y  between s amples f rom the same h o r s e  { Table 

6 : 1 1 ) . The mean protein 
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Table 6 : 1 0 .  Protein content of lyophilised equine thyroid lipofuscin 

Horse % by weight protein;  analy s i s  # 
sex /age 1 2 3 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

1 g / 4  50  
2 f / 1 1  52 
3 g / 1 2  2 8  3 6  
4 f / 1 4  3 1  
5 g / 1 5  3 1  
6 f / 1 5  3 4  
7 f / 1 7 * 5 6  
8 f / 1 8  1 5  2 7  
9 f / 1 8  4 6  
1 0  g / 1 8  2 8  1 8  
1 1  g / 1 8  2 2  2 2  2 4  
1 2  g / 1 9  1 6  
1 3  g / 2 0 * 4 7  
1 4  g / 2 0  4 2  
1 5  f / 2 3  2 7  4 3  
1 6  f / 2 4  2 7  
1 7  g / 2 5  4 0  
1 8  f / 2 8  1 6  
1 9  f / 3 0  7 7  
2 0  f / 3 0  3 3  
2 1  f / 3 0  4 9  1 6  2 5  
2 2  g/ 30+ 2 1  4 4  2 9  
2 3  g / 3 1  4 2  
2 4  f / 32 4 4  3 5  
2 5  f / 3 5* 6 9  

* a s s ay did not include proline . 
mean protein content = 3 6 %  w / w  ( s . d . = 1 5 % ,  n = 3 6 )  

Table 6 : 11 .  Protein content of equine thyroid lipofuscin in 9 8 %  

formic acid 

Horse 
1 

% by weight protein; analysi s #  
2 3 mean s . d . 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

1 g / 2 8  4 7 . 4  5 3  5 0 . 2  4 
2 g / 2 6  32 . 5  3 3  3 4  3 3 . 2  0 . 8  
3 f / 1 8  3 5 . 5  3 6 . 7  3 6 . 8  3 6 . 3  0 . 7  
4 f / 1 3  4 2 . 2  4 3 . 2  4 3 . 2  4 2 . 9  0 . 6  
5 g / 3 1  2 2 . 5  2 3 . 9  2 3 . 2  1 
6 f / 2 8  1 2 . 6  1 5 . 1  1 3 . 9  1 . 8  

mean protein content 3 3 . 3 % ( s . d . = 1 3 . 2 % ,  n = 6 )  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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content of  3 3 . 3 %  obtained by t h i s  method w a s  ve ry c l o s e  to  the mean 

protein content obtained for l ipofuscin hydrolysed di rectly , and the 

ra nge between h o r s e s  w a s  aga i n  l a rge , f rom 1 2 . 6  t o  5 3 % . T h e s e  

r e s u l t s  conf i rm that t h e  variability between s amples o f  l ipofuscin 

f rom the same horse reflects hete rogeneity within the i s olate . 

The me a n  p r o t e i n  c o nt ent o f  t ot a l  t h y ro i d  h omoge n a t e  w a s  5 5 . 3 % 

( s . d . =2 . 1 ,  n=4 ) . 

Lipids 

Ext raction of l ipids from is olated lipofuscin into 

c h l o ro f o rm :  met ha no l , 2 :  1 ( Fo l c h  et al 1 9 5 7 ) c ont a i n i ng 0 .  0 5 %  w /v 

b u t y l a t e d  h y d r o x y t o l u e n e  ( B H T ) , d i d  n o t  g r e a t l y  a l t e r  t h e 

u l t r a s t ructure o f  t he granul e s . Some fine detail o f  the mat rix was 

l o s t ,  but the contents of the 'vacuo le s '  in the granules were not 

removed ( Fig . 6 : 3 ) . 

Sma l l  amount s of  phosphol ipid were obtained by a cetone precipitation 

f r om t he t o t a l  l i p i d  e x t r a c t , a n d  w e r e  a n a l y s e d  by t h i n  l ay e r  

ch roma t ography . P hosphatidyl choline and pho spha t i dylet hanol amine 

were the ma j o r  components al ong with small amounts o f  sphingomyelin 

and l y s opho s ph a t i dy l c h o l i ne ( F ig . 6 : 4 )  Pho sph a t i dyl s e r i ne and 

phosphatidyl i no s i tol were not dete cted, but this may be because of 

the small amount of lipid ext racted . 

Although good spectra were obt ained by 3 1P nuclea r  magnetic resonance 

( NMR ) s pe c t r o s c opy ( S ot i rh o s  et al 1 9 8 6 )  o f  s a mp l e s  o f  c o n t r o l  

p h o s p h o l i p i d s  e x t r a c t e d  f r o m  o v i n e l i ve r ,  t h e q u a n t i t i e s  o f  

phosphol ipid obtained from samples o f  equine thyroid l ipofuscin were 

insuffic ient t o  produce measurable spect ra . 

Ne u t r a l  l i p i d s  w e r e  c h a r a c t e r i s e d  by e o -mi g r a t i o n  o f  pu r i f ied 

s t anda rds a n d  neut r a l  l ip i d s  o f  hen egg yo l k .  T h e  ma j o r  l i p i d  

c omponent s e x t r a c t e d  f r om l i p o f u s c i n  and de t e c t e d  by t h i n  layer 

chromatography eo-migrated with dol i chol and cholesterol ( Fig . 6 : 5 ) . 

The relat ive amount s of these l ipids were visibly di fferent between 

ext racts from di fferent horse s . Triglycerides were not detected . 
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Figure 6 : 3  

Lipo f u s c in granule s  afte r Fol ch ext rac t i on . The c o n t e n t s  o f  t he 

vacuoles are not removed from i s ol ated granules by Folch ext raction,  

and a re t herefore not lipid .  



Figure 6 : 4  

A B 

phosphatidylethanolamine 

phosphatidylserine 

phosphatidyl inositol 
phosphatidylcholine 

sphingomyelin 
lysophosphatidylcholine 

Thin layer chromatogram o£ phospholipids 

Lane A :  Lipids ext racted from thyroid lipofuscin of 

2 5  year old gel ding . 

Lane B :  Lipids ext racted from horse liver . 

Sma l l  quant i t ie s  o f  n o rma l membr ane phosphol ipids a re p r e sent in 

equine thyroid lipofuscin . 
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Figure 6 : 5  

BHT 

triglyceride 

dol ichol 

cholesterol 

Thin layer chromatogram of neut ral lipids . 

Lane A :  Neut ral lipids of  thyroid l ipofuscin from an 

1 8  year old ma re . 

Lane B :  Neut ral lipids f rom hen egg yol k . 

Lane C :  Neutral lipids of  thyroid l ipofuscin from a 

2 4  year old ma re . 

Relative quant ities of  dol i chol and cholesterol vary between horses . 

Triglyce ride s were not detected in any sample of neutral lipid f rom 

horse thyroid l ipofuscin . 
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Quant i t a t ive a n a l y s i s  o f  dol i chol a n d  cholesterol b y  HPLC revea led 

great variati on in concent rations in l ipofuscin f rom di fferent horses 

( Table 6 : 1 2 ) . The vari ation was not age - related, and di f ferences in 

do l i ch o l  a n d  c h o l e s t e r o l  c o ncent r a t i o n  were independe n t  o f  e a ch 

o t h e r ,  but a lw a y s  muc h  h i ghe r t h a n  t he c o n c e nt r a t i o n s  i n  t o t a l  

thyroid tis sue . 

l ipofuscin . 

These two lipids accounted for 4 -2 5 %  of  t he mas s  of  

Table 6 : 12 .  Neut ral lipids of equine thyroid lipofuscin 

Horse 
age / sex 

Thyroid homogenate 

5 / gelding 
Thyroid lipofuscin 

1 2 / gelding 
1 6 / gelding 
1 8 / gelding 
2 0 / gelding 
2 3 /mare 
2 5 / gelding 
3 0 /mare 

mean 
s . d .  

Carbohydrates 

Dolichol 
% by weight 

0 . 0 0 3  

3 . 4  
2 . 7  
2 . 1  

1 5 . 0  
1 5 . 0  

7 . 0  
0 . 9  

6 . 6  
6 . 1  

Cholesterol 
% by weight 

0 . 1 7 

0 . 3  
8 . 8  

negl igible 
1 0 . 4  

2 . 7  
1 9 . 2  

2 . 9  

6 . 3  
7 . 0  

The st rong p o s i t i ve s t a ining of  l ipofus cin with Concanavalin A and 

PAS wa s i ndi c a t i ve of the presence of c a rbohydra t e s , spec i f i ca l l y  

mannose and / o r  glucose . Evidence for the presence of  neut ral sugars 

wa s a l s o  provide d  by a posi t i ve c o l o u r  re a c t i on w i t h  the pheno l -

s ulphu ric a c i d  a s say . Us ing mannose a s  a standa rd, neut ral s ugars 

rep resented a n  e s t ima ted 6 . 6  to 1 0 . 4 % of t he ma s s  o f  l ip o f u s cin 

( n= 3 ) . However t he neut ral s ugar species pre sent were unknown , and 

other chemical species which may react with the phenol-sulphuric acid 

a s s ay were known to  be present ( see Discussi on ) , so these dat a  do not 

yield accurate estimates of the total sugar content . 

S ome hexo s amines re lea sed f rom o l i g o s a c chari de s  by acid hydrolysis 

a re detectable on ioni c exchange amino acid analys i s ,  although s ugars 
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a r e  mo re u n s t a b l e  t h a n  ami n o  a c i d s u n d e r  c o n d i t i o n s  o f  a c i d  

hyd r o l ys i s . A sma l l  pe a k  c o n s i s t e n t  w i t h  t he retention t ime o f  

g l u c o s ami ne w a s  o c c a s i o n a l l y  de t e c t e d  i n  ami no a c i d  a n a l y s e s  o f  

lipofuscin . To  minimi se dest ruction o f  hexos amine during hydrolys i s ,  

four samples o f  l ipofuscin were hydrolysed for 6 hours and analy sed 

by quantitat ive amino acid analys is with standards of glucosamine and 

galactosamine . 

method . 

Hexos amine was not demonst rated in lipofuscin by t h i s  

P e a k s  w i t h  e l u t i on time s  s imi l a r  t o  t h o s e  o f  gl u c o s e ,  ma nno s e ,  

g a l a ct o s e , myo - i no s i t o l ,  and glyce rol w e re obt ai ned by g a s - l i qu i d  

chromatography o f  hydrolysed lipofusci n .  H oweve r,  the repeat abil ity 

of  both qualitat ive and quantitative re sults  between serial samples 

o f  l ipofuscin was very poo r . An int e rnal standard of  glucohept ose 

w a s  l a rge l y ,  o r  c omp le t e l y  de s t royed du r i ng prepa r a t i on of t h e  

samples . 

Be cause o f  the u n s a t i s f a ct o ry result s obta ined by such methods o f  

di rect ca rbohydrate analy s i s ,  the po s s ible ca rbohydrate content was 

e s t i ma t e d  i nd i r e c t l y  by c ompa r i s o n  of e l eme n t a l  and ami n o  a c i d  

analyses . Element al analyses o f  isol ated lipofuscin from four horses 

were compared with quantitative amino acid analysis of  the same four 

i s o l ates . The hydrogen, oxygen ,  carbon,  nit rogen, and s ulphur which 

could be accounted for by t he ami no a c i ds present were s ubt r a cted 

f rom the total quant ities of those element s .  The oxygen att ributable 

to  the mean level s of lipid and nucleic a c id we re a l s o  subt racted . 

The mass of met a l s  measured was subt racted from the ove rall mas s  i n  

e a c h  case . 

T h e  ami no a c i d s  p re s ent a c c ounted f o r  7 7 %  t o  1 0 0 %  o f  t h e  t o t a l  

nit rogen content and 2 9 %  t o  7 8 %  o f  the t ot al sulphu r content . The 

ma s s  o f  oxygen w a s  c a l c ul a ted as t h e  ma s s  o f  the l ip o f u s c i n  not 

accounted for by elementa l  analysis . The propo rtions of  t he c a rbon , 

hydrogen , and oxygen not acc ounted for by the proteins present were 

calculated ( Table 6 : 1 3 ) . 



Table 6 : 13 .  Ratios of nonprotein carbon, hydrogen and oxygen in lipofuscin 

Horse 

4 /g 
1 1 /m 
2 5 /g 
3 0 /m 

Nonprotein 
C , H,  & 0 %w/w 
of  lipof uscin 

4 8 . 0 0 
4 5 . 2 7 
5 5 . 9 4 
2 6 . 3 0 

mean = 

Nonprotein 
Oxygen %w/w 
of lipofuscin 

2 3 . 8 2 
1 9 . 4 5 
2 0 . 2 4 
1 6 . 7 0 

2 0 . 0 5 

Oxygen as % of  Nonprotein C : H : O  
nonprotein mo lar rat ios 
fract ion 

4 9 . 6  1 . 2 :  1 .  9 :  1 
4 3 . 0  1 .  5 :  3 1 
3 6 . 2  2 3 1 
6 3 . 5  0 .  6 :  2 1 

- - - - - - - - - - -

4 8 . 1  1 .  3 :  2 . 5 :  1 

1-' 
0 
0\ 
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The nonp r o t e i n  o rgan i c  f r a c t i o n  c a l cul ated by thi s me ans in each 

i s o l a t e  had a high oxygen c ontent , consi stent with the pre sence of 

c a rbohydra t e . The C : H : O  r a t i o s  i n  the nonp rotein f ra c t i ons were 

close to that of  carbohydrate (empirical formul a  CH20 )  . The mas s  of  

p o s s ible c a rbohydrate c a l c u l ated f rom t hese el ement s  accounted for 

3 5 . 7 % of  t he ma ss of l ipofu scin,  whi ch was nea rly all the mas s  not 

made up of protein ,  lipid, nucleic acid, or met al ( see D i s cussion)  . 

Nuc1eic acids 

The mean DNA content by the Burton as say in i s olated l ipofuscin f rom 

nine horse s ,  ranging in age f rom 7 to 31 yea rs of age , was 2 . 4 % ,  n= 9 ,  

s . d .  = 2 . 2 ,  range = 0  t o  6 % . 

Nuc l e i c  a c i ds ext racted f rom thyroid l ipofu s c i n  i s o l ated f rom a 7 

year old ma re without the use of sonication, were cha racteri sed 

by agarose ge l elect ropho re s i s  in the presence of ethidiurn bromide 

( Fi g .  6 : 6 ) . The nuc l e i c  a c i d  f ra ct i on cons isted l a rgely of  DNA , as  

demonst rated by dige s t i on with DNAse ( Fig . 6 : 7 ) . Most migrated as  

l arge molecules of  DNA , with the same maximum molecular weight as  DNA 

ext racted f rom leucocytes from the same horse , a lthough s ome DNA from 

both sources was fragmented . A sma l l  component of lower molecular 

w e i g h t  w a s a l s o  p r e s e n t  i n  t h e  n u c l e i c  a c i d e x t r a c t e d f r om 

l ipofuscin . This component stained with ethidium bromide , indicat ing 

that it w a s  double -st randed ,  but w a s  de st royed by incubation with 

RNAse and with DNAse, and was therefore ident i fied as  double-st randed 

heteropolyme r (Fig . 6 : 7 ) . DNA ext racted from thyroid lipofuscin and 

the D NA f r om white blood cel l s  f rom the same horse showed the same 

rest riction enzyme diges t i on pattern (Fig . 6 : 8 ) . There fore the DNA 

in the lipofuscin was that o f  the ho rse , rathe r than viral DNA . The 

c l o se simi larity between leucocyte DNA and l ipofuscin DNA indicates 

that the l ipofuscin DNA is principally nuclear DNA , the most abundant 

DNA by ma s s  in leuc o c yt e s , r a t h e r  than mi t o ch o n dr i a l  DNA . The 

nucleic acid f ra ction o f  the thyroid lipofuscin f rom thi s horse , as 

mea s u red by spect rophotometry, represented 5 . 6 % of the dry weight of  

the l ipofuscin . 



1 2 

Figure 6 : 6 

Agarose gel electrophoresis of nucleic acid from thyroid lipofuscin . 

Lane 1 :  Lambda DNA ( t op )  with sl ight contami nat i on with RNAse-labile 

nucl·eic a ci d . 

Lane 2 :  Nucleic a c i d  from thy roid lipofuscin of  a 1 6  year old ma re . 



Figure 6 : 7  

Aga rose gel electropho res i s  of nucleic a cids after incubation with 

nucleases .  

Lane 1 :  Nucleic acid from equine leucocytes . 

Lane 2 :  Nucleic acid f rom equine leucocytes a fter 

incubat ion with RNAse . 

Lane 3 :  Nucleic acid from equine leucocytes a fter 

incubat ion with DNAse . 

Lane 4 :  Nucleic acid from equine lipofuscin . 

Lane 5 :  Nucleic acid f rom equine lipofuscin a fter 

incubat ion with RNAse . 

Lane 6 :  Nucleic acid f rom equine lipofuscin a fter 

incubat ion with DNAse . 



Figure 6 : 8  

Aqarose qel elect rophore s i s  of nucleic acids after incubation with 

restriction enzymes . 

Lane 1 :  Lambda DNA after incubat ion with D ra i . 

Lane 2 :  Equine leucocyte DNA a fter incubat ion with D r a i . 

Lane 3 :  Equine l i pofuscin DNA after incubat ion with D r a i . 

Lane . 4 :  Lambda DNA a fter incubation with Mspi . 

Lane 5 :  Equine leucocyte DNA a fter incubat i on with Mspi . 

Lane 6 :  Equine lipofuscin DNA after incubation with Mspi . 



1 0 8  

DI SCUSSION 

The l a c k  of  co rrel a t i o n  between the quantity of thyroid l ipofuscin 

i s o l a t e d  a n d  t h e a g e o f  t h e h o r s e  w a s  c o n s i s t e n t w i t h  t h e 

h i s t ologi c a l  findi ngs Analys i s  of  lipofu scin dolichol sugge sted 

that mo s t  o f  t he l ip o f u s c i n  i n  t he t hy r o i d  w a s  i s o l ated by t h i s  

method ( see below) . 

Ana l y s i s  o f  the various c omponents of  i s o l ated l ipofuscin revealed 

c o n s iderable hete rogenei ty in most of  them, with great va riability 

appa rent between sampl es from di ffe rent horse s . Thi s  i s  cons i stent 

w i t h  the h i s t o chemi c a l  v a r i abi l i ty . Howeve r ,  in cont rast t o  the 

v a r i abi l i ty in othe r c omponent s ,  the amino acid rat ios were highly 

repeatable ( standard devi ations , Table 6 : 8 ) , and four common protein 

b a n d s , 1 4 - 1 8  kD a ,  w e r e  ob s e rved by LD S -P AGE in all  s amples t h u s  

e x a m i n e d . T h e  d i s c o v e r y t h a t  t h e s e  f o u r  b a n d s  b e h a v e d  a s  

proteolipids ( Folch and Lees 1 9 5 1 )  meant that they could be puri fied 

f r om othe r l ip o f u s c i n  p ro t e ins by t h i s  prope rty . F o l l owing t h i s  

p u r i ficat i on the prot e i n s  s howed a l a c k  of definition o n  LDS -PAGE . 

This is  a characteri s t i c  of proteol ipids ( Fea rnley et al 1 9 9 0 ;  Fig . 

2 )  . The great improvement in silver stai ning of  the four proteins 

a c h i eved w hen the s t a in was removed with a reducing agent and an 

o v e r s t a i n  appl ied,  w a s  a l s o  o b s e rved in s i lv e r  s t a i n i ng of t h e  

p r o t e o l ip i d  s t o red i n  o v i n e  c e r o i d - l i po f u s c i n o s i s  ( P a lme r e t  a l  

1 9 8 6b ,  Fea rnley et a l  1 9 9 0 ) . N o  sequence informat i on was obtained 

f rom the four proteins . They may be soluble in the solvent s used in 

the washing cycles in the sequencer,  and be wa shed out . 

Al t e rnat ively t hey may be N-terminal b l o c k e d  or  have a ragged N ­

t e rmi n a l . I t  cannot be i n f er red f rom t h e  re s ul t s  that t he four 

proteins a re not acylated . The negative staining with Concanavalin 

A suggests that they a re not glycosylated, but this reaction could be 

due to the physical nature of the proteins on the membrane . 

The four proteins may be f ragment s of thyrogl obulin,  as  suggested by 

the ultra s t ructural evidence ( see Chapter 5 )  . The amino acid rati o s  

i n  i s ol at e d  l ipofu s c i n  and in t he s e  prot e i n s  a re ve ry s imi l a r  t o  

tho s e  of equine thyroid t o t a l  homogenate,  in which thyroglobulin i s  
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a n  abundant protein . Thyroglobul in makes up at least 3 - 5 %  o f  the wet 

weight of thyroid t i s sue (Wiersinga and Chopra 1 9 8 2 )  . Using the mean 

dry ma t t e r  c ontent me a s ured i n  t h i s  s t udy , thyrogl obu l i n  w o u l d  

therefore represent 1 2 -2 0 %  of the dry weight of  the gland, o r  2 2 - 3 6 %  

o f  the t ot a l  protein c ontent of  thyroid, which is  5 5 . 3 %  of  the dry 

t i s sue weight . Furthermore the ami no acid ratios in l ipo fuscin and 

t h e  pu r i f ied proteol ipids were a l s o  simi l a r  to those of human and 

bovine thyroglobulin ( Table 6 : 8 ) . The proteins in l ipofuscin may be 

proteolyti c  inte rmediates of thyroglobulin . Lysosomal catabolism of  

t h y r ogl o b u l i n  beg i n s  rapi dly , w i t h  p re fe rent i a l  r e l e a s e  o f  the 

i o dothyronines , but then becomes s lower ( van den Hove -Vandenbroucke 

1 9 8 0 ,  Tokuyama et al 1 9 8 7 ) , and small pept i de s ,  account ing for 4 0  to 

6 0 %  of the total protein , are produced as proteolyt i c  int e rmedi ates 

( P eake et  a l  1 9 7 0 , van den Hove -Vandenbroucke 1 9 8 0 ,  Tokuyama et al 

1 9 8 7 )  . This indicates that these proteolyt i c  intermediates a re more 

res i stant to catabo l i sm than the intact protein . 

T h e  p r o t e o l i p i d  n a t u re o f  t h e  f o u r  1 4 - 1 8  k D a  p r o t e i n s  doe s n o t  

preclude the poss ibi l i ty that they are inte rmedi ates of  thyroglobulin 

proteolys i s . The term proteol ipid does not mean that the molecules 

c on t a i n  l ipid or  fatty a cid moiet i e s , o r  that they contain a high 

p r o p o r t i o n o f  h y d r o p h o b i c  ami n o  a c i d s . A l t h o u g h  r e l a t i v e l y  

hydrophob i c ,  the f o u r  1 4 - 1 8  kDa proteins h a d  a simi l a r  ami no acid 

c o mpo s i t i on to t h y r ogl obul i n ,  a s o l uble p r o t e i n . A hydrophob i c  

n a t u re c a n  b e  t h e  c o n s e quence o f  t he t e r t i a ry s t ruc t u re o f  t h e  

p r ot e i n  rathe r  t h a n  t he ami no a c i d  c ompo s i t i on .  P roteins w i t h  a 

c o n s i d e r a b l e  p r o p o r t i o n  o f  p o l a r  a m i n o  a c i d s  a r e s ome t i me s 

hydrophobi c because the pol a r  re s i dues a re on the ins i de and t he 

hydrophobic residues a re on the surface . 

Alternatively, in light of  the lysosomal nature of l ipofusc i n ,  it i s  

p o s sible that t h e  f o u r  c ommon proteins a re lysosomal proteins , but 

t h i s  is unli kely because their molecular weight s ,  in the range of  1 4 -

1 8  kDa ,  cont rast with those o f  lysosomal en zyme s . The s ubunits of  

the ma j or enzyme by mas s  in porcine thyroid lysosome s ,  a rylsulphata s e  

A ,  have molecular weight s o f  5 8  and 5 4  kDa ( Selmi e t  al 1 9 8 9 ) , while 

Y a mamo t o  e t  al ( 1 9 8 0 )  report t h a t  mo st l y s o s oma l p ro t e i n s  h a v e  



molecular weight s in  the range of  6 0  - 1 1 0  kDa . 
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I f  the proteins a re 

derived f rom lysos omal p roteins , they mus t  be fragment s rather than 

c ompl e t e  protei n s . Another po s s ib i l i t y  i s  t hat t he protei n s  a re 

derived by autophagy f rom other organel les f rom the cell in which t he 

l ipofuscin granule forms , or that they a re endocytosed f ragment s f rom 

other thyrocytes that have sloughed into t he col loid . 

The four 1 4 -1 8  kDa protein bands were present i n  the pel let of  total 

t hyroid homogenate f rom a 5 year old horse , but this  does not prove 

t h at the protei n s  a re p re s e nt in cel l u l a r  c ompo nent s other t h a n  

l ipofuscin . Even at the rel at ively young age o f  5 yea r s ,  l ipofuscin 

p r o t e i n s  may be a ma j o r f r a c t i o n  o f  t h e p r o t e i n s  in t hy r o i d  

h omogenate that a re insoluble i n  water but s oluble i n  a solution o f  

LDS / 2 -mercapt oethanol .  The group of four proteins was not found i n  

t he t o t a l  thy roid homogenate o f  an 1 8  month o l d  f i l l y ,  a l though a 

band e o -migrat ing with the 1 4  kDa band was present . It i s  there fore 

most l i kely that at least three of the four bands a re not ubiquitous 

in the gland but a re characteristic of  the lysosomal system, perhaps 

o f  lipofuscin . The 1 4  kDa band may be a protein whi ch i s  present i n  

o t her cellular component s .  However this molecular weight is  close t o  

t h e  l imit of the resolution of the gel , so bands eo-migrating a t  this  

apparent molecular weight may not be compa rable with each othe r .  

T h e  p r o t e i n  s o l ubi l i ty i n  det e rgen t ,  8 1 % ,  w a s  re a s onable f o r  a n  

i solate of subcel lular o rganelles . Because a proportion of such an 

i s o l a t e  

s a mpl e s  

i s  c ommo n l y  i n s o l ub l e ,  it i s  n o rma l pract i c e  t h a t  s u c h  

i n  L D S / 2 - me r c a p t o e t h a n o l  a r e c e n t r i f u g e d  b e f o r e  ge l 

e lect rophoresi s .  

T h e  qu a n t i t y  o f  l i p o f u s c i n  i s o l a t e d  f r om e qu i ne t h y r o i d  r a n ge d  

w i de l y , b u t  t he re w a s  n o  c o r r e l a t i o n  w i t h  a ge . T h i s re s u l t i s  

c o n s i s t ent with that obt a ined b y  count s o f  l ipofus c i n  granules i n  

s i t u  in  a sepa rate popul a t ion o f  horses ( see Chapter 4 ) . Not abl y ,  

the highest yield w a s  obt ained from a h o r s e  which w a s  only 9 years 

o l d ,  and this yield w a s  s ubstant i a l ly higher than most yields f rom 

horses in their third or f ourth decade . 
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Repeatable mea s u rement s of protein content w e re obt ained by f i r s t  

d i s s o l v i n g  t h e  l i p o f u s c i n i n  f o rmi c a c i d ,  a nd d i v i d i n g  i t  i n t o  

a l i quot s a s  a l i qu i d . Thi s me t h o d  p r oduced a ve ry s imi l a r  mea n  

p rotein c ont ent a s  obt ained b y  di rect hydro l y s is , which indi ca t e s  

t hat t h e  hete rogeneity i n  protein content between dry samples f rom 

t he s ame i s o l ate w a s  genuine , rathe r than a result of experiment a l  

e rror . 

The h i gh den s i t i e s  o f  g ranules a re incompatible with a l a rge l ipid 

c omp o n e nt . T h i s i s  in c o n t r a s t  to r e p o rt s that l ip o f u s c i n  i s  

p rima r i l y  compo sed o f  l i pid o r  l ipid pe roxide products (Dolman and 

M a c l e od 1 9 8 1 ,  N a k a n o  e t  al 1 9 8 9 ) . The c o n s i derable va r i a t i o n  i n  

density within isolates i s  l i kely to be due to  heterogeneity between 

g ranule s  in  the quant ities of  chemi cal species present . The re was no 

e vidence that t he v a r i a t i on in de n s i t y  was due to t he r e l a t ive 

p roporti on s  o f  mat rix and 'vacuoles ' .  Alt hough the ' vacuol e s '  have 

been te rmed ' l ipid vacuoles ' or ' l ipid dropl e t s '  by many aut ho r s , 

t hei r content s were not removed by Folch ext raction and a re there fore 

not lipi d .  

L i pids i n v a r i ably a c c ou nted f o r  much l e s s  t h an h a l f  t h e  ma s s  o f  

equine thyroid lipofuscin . No t riglycerides we re observed on TLC o f  

l ipids f r om s i x  h o r s e s  and no unident i f i e d  l ipids w e r e  dete cted . 

Only sma l l  amount s o f  phosphol ipids we re ext racted, and these were 

t h e n o rma l ma j o r memb r a n e  c o mp o n e n t s :  p h o s p h a t i dy l c h o l i n e ,  

p h o sphat i dylethano l ami n e , and sma l l  amount s of sphingomye l i n  and 

l y s ophosphatidylcho l i n e ,  in  the proporti ons t ypi c a l  o f  membranes . 

B a sed o n  t he ph osphorus content , phosphol ipids c o u l d  a c count f o r  

7 . 5 % ,  o n  average , of  l ipofus cin mas s .  Howeve r ,  since nuc leic acids 

a re o ft e n  present i n  sma l l  amount s ,  a n d  pho s pho r u s  a c c ount s f o r  

approximately 1 0 . 4 % o f  t he ma s s  o f  nuc leic aci ds ,  t h e  phosphol ipid 

m a s s  c a l c u l a t e d  f r om the p h o s p h o r u s  c o n t e n t  is l i ke l y  to be a 

c o n s i de rable ove re s t imat e .  The mea n  DNA content o f  l ipofuscin was 

2 . 4 % ,  s o  the phosphorus in  DNA would represent , on average , 0 . 2 5 %  of 

t he ma s s  of l ip o fu s c i n . When t h i s  is  s ubt r a cted f r om t he me a n  

p h o s p h o r u s  c o n t e n t  o f  l i p o f u s c i n ,  0 . 3 0 % ,  i t  a l l o w s  a me a n  

phospholipid content o f  o nly 1 . 2 5 %  w / w . Howeve r ,  several l ipofuscin 
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s amp l e s  contained no de tectable DNA , and t he a c t u a l  pho s ph o l ip i d  

c ontent may be highly va riable , like the neutral lipid content . 

I n  cont rast to the phospholipids the neut ral l ipids were present in  

l a rge proportions i n  s ome individuals . The dol i chol concent ration in  

i s ol a t ed equine thyroid lipo fus cin was ext remely h i gh rel at i ve t o  

t hat o f  equine thyroid homogenate ( Table 6 : 1 2 ) . The high dol i chol 

c ontent of equine t hyroid lipofuscin is  consistent with a lys o s omal 

o rigi n ,  as  f ree dol ichol is l a rgely located in lysosome s ,  and active 

s t o rage of  dolichol in lysosomes has been propo sed (Wong et al 1 9 8 2 ) . 

H owever the quantity of  dolichol in rat l ive r lysosome s ,  1 5 . 1 1 ug/mg 

p ro t e i n  ( Wong et a l  1 9 8 2 ) , i s  ve ry muc h  l owe r than t h a t  found i n  

l ipofuscin in  this study ( Table 6 : 1 2 ) . 

Relatively high level s  o f  dol i chol a re found in glands such as  human 

thyroid,  testi s ,  a dren a l s ,  pituit a ry ,  ( Rip et al 1 9 8 5 ,  Tollbom and 

D a l l n e r  1 9 8 6 ) , l iver ( Rip et a l  1 9 8 5 ) , and pancreas ( To l lbom and 

D a l l n e r  1 9 8 6 ) . The me a n  do l i chol content o f  thyroid t i s sue f rom 

humans aged 23 to 95 years was 1 1 4 5 ug / g ,  or 0 . 1 % w / w  ( Rip et  a l  

1 9 8 5 )  while that o f  thyroid t i s sue f rom humans aged 6 8  t o  7 4  years  

was  1 9 6 0  u g / g  ( To l lbom and D a l l ne r  1 9 8 6 ) , approxima te l y  t w i c e  as  

much . Free dolichol levels increase with aging in a range of  t i s sues 

f r om huma n s  and expe r i men t a l  r o dent s ( Ng Y i ng Kin et al 1 9 8 3 ,  

P u l l a r k a t  et  a l  1 9 8 4 ) , po s s i b ly a s  a c o n s equence o f  a l a c k  o f  a 

c atabo l i c  pathway ( Rip et al 1 9 8 5 )  . Since t he lipofuscin in the 2 3  

ye a r  o l d  ma re rep r e s e nt ed approximate l y  0 . 9 % o f  t he t i s s ue ma s s  

( Table 6 :  2 ) , the l ipofuscin dol i chol ( Table 6 :  12 ) al one would have 

g iven a total thyroid dolichol level of 0 . 1 4 % ,  a level comparable t o  

t h o s e  rep o rted f o r  human t o t a l  t h y r o i d  t i s s ue homogenate . Thi s 

s uppo rt s the con c l u s i on that mo st o f  the l ipo fusc i n  i n  t he e quine 

thyro i d  t i s sue w a s  i s o l a ted . I t  a l s o  i ndicates that l ipofuscin i s  

probably a ma j o r  s t orage site o f  dol i chol in  equine thyroi d .  I t  i s  

p o s s i b l e  t h a t  t he do l i chol me a s u re d  i n  t hy r o i d  t i s s u e  o f  o t h e r  

species may be a l s o  l a rgely located i n  lipofus c i n  granule s .  However ,  

there i s  n o  evide nce t h a t  dol i c hol i s  evenly di s t r ibuted between 

l ipofu scin granules in an  individual . I t  i s  pos sible that dol i chol 

is found only in a subpopulat ion of  granules .  
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E quine thyroid l ipofuscin contains a wide range o f  met al s ,  that have 

d i v e r s e  s o u r c e s , b i o l o gi c a l  r o l e s , re l a t i v e t o x i c i t i e s , a n d  

b i o l ogi c a l  h a l f - t ime s  ( F ribe rg e t  al 1 9 7 9 )  . Some o f  these met a l s  

h ave been demonst rated b y  energy-di spers ive x-ray analy s i s  in thyroid 

l ipofuscin in other species ( Go rdon et al 1 9 8 4 ) . I n  the ho rse , t he 

c oncent rations o f  t he impo rtant biol ogi c a l  elect rolytes ,  pot a s s i um 

and magnesium, were not higher in lipofuscin t han in  thyroid t i s s u e ,  

w h i l e  that of  sodium wa s only sl ightly highe r .  The concent rations o f  

o t h e r  met a l s  were gene rally highe r in  i s o l ated l ipofuscin than i n  

t hyroid tis sue ,  but there was no age-rel ated t rend in  sto rage o f  any 

me t a l ,  and t he met a l s  v a r i e d  indepen dent l y  of  e a c h  o t he r . The 

c oncent ration o f  z i n c  in  l ipofuscin w a s  consi stently three to  f ive 

t ime s t hat in t hyroid t i s s ue . The wide range of c oncent rations of  

t he va rious meta l l i c  element s in lipofuscin i s  probably a reflect i on 

o f  the exposure o f  t he horses to each element . Howeve r ,  since the 

overal l expo sure to met a l s  should increase with age , the lack of a n  

a ge - related increase in the metal content of  lipofuscin suggests  that 

s ome t u rn over or e x c r e t io n of the me t a l s  e x i s t s . An e x c ret i o n  

pathway for ent i re l ipofuscin granules may a l s o  exi s t ,  a s  di s cu s sed 

in Chapter 4 .  

The results sugge st that no one metal i s  es sential to  the formation 

of  equine thyroid lipo fusc i n ,  with the possible except ion of  zinc , 

t he s t o r a ge o f  w h i c h  i s  c o n s i s t e nt . The i r on in  l ip o f u s c i n  may 

o r i g i n a t e  in pa r t  f r om mi c r o h aemo r r h a ge s o f  e ry t h r o c yt e s  i n t o  

f o l l i cu l a r  lumina o c c a s i onally observed in sections f rom horses i n  

t hi s  s tudy . Thy rocytes have been shown t o  endocytose erythrocytes 

f rom the c o l l o i d  in vivo ( Wol lman 1 9 8 0 )  A pos i t ive r e a c t i o n  t o  

P e rl ' s  stain f o r  i ron was confined to  a subpopulat ion o f  l ipo fuscin 

g ranules in  para f fi n  section s . Mi c rohaemo rrhage may have occurred 

only in the fol l i c l e s  in  which those granules  were obs e rved .  The 

o t h e r  met a l s  found in  equ i ne thyroid l ip o f u scin may l i kewi s e  be 

rest ricted to subpopulations of  granules . 

T h e  ma s s  o f  t he h a l i de f r a c t i o n  f o un d  by e l eme nt a l  a n a l y s i s  o f  

l i p o f u s c i n  a n d  t o t a l  t hy r o i d  t i s sue w a s  c a l c u l a t e d  a s  i od i de , 
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although s ome chloride w a s  undoubtedly present . Lipofuscin conta i ned 

a p p r o x i ma t e l y  t w i c e a s  mu c h  h a l i de a s  t o t a l  t hy r o i d  t i s s u e . 

C o n c e n t r a t i o n s  o f  i o di de h i ghe r t h a n  t h o s e  of  t h e  s u r ro u n d i n g  

c y t o p l a sm have b e e n  p r evi o u s l y  demo n s t r a t ed by a n a l y t i c a l  i o n  

mic roscopy i n  murine t hyroid l ipofuscin (Mestdagh e t  a l  1 9 9 0 )  and by 

energy-di spersive x-ray analys i s  in canine , cavian, simian , and human 

thyroid l ipofuscin ( Go rdon et al 1 9 8 4 ) . The presence o f  i odide in 

l i p o fu s c i n  is  not s u rpr i s i ng,  given t he role of l y s o s ome s in t he 

catabo l i sm of thy roglobul in and liberat i on of  T3 and T4  ( Tice 1 9 7 7 ,  

Wol lman 1 9 8 0 ,  van den Hove-Vandenbroucke 1 9 8 0 ) , and the evidence in  

t h i s s t udy t h a t  l ip o f u s c i n  may cont a i n  f r a gment s of  endocy t o s ed 

thyroglobulin . Mestdagh et al ( 1 9 9 0 )  showed, by the use of  1 2 5i odine 

tracer,  that the iodide in  lipofuscin has a sl owe r turnove r rate t han 

that in  the colloid, and sugge sted that this iodide may be excluded 

from ho rmone synthes is . However although the ages o f  the horses in  

whi ch l ipofuscin halide was  meas ured ranged from 4 yea rs to  3 0  yea r s ,  

the hal ide content of the lipofuscin did not increase but w a s  s imi l a r  

in a l l  f o u r  ho r s e s  ( Table 6 : 4 )  . This  s ugge s ts  t hat a l t hough t he 

turnover rate of  i odide in l ipofuscin may be s l ow rel ative to that of 

iodide elsewhere in  the thyroid, it occurs at a steady rate . 

The DNA in equine thyroid l ipofuscin i s  v a r i able i n  quantity . I t  

shows the same maximum molecular weight and restriction endonuclease 

digest ion as  leucocyte DNA from the same horse . The great propo rt i on 

o f  D NA i n  l e u c o c y t e s  i s  l o c a t e d  i n  c e l l  nuc l e i  r a t h e r  t h a n  

mit o chondr i a ,  and i s  o f  much higher molecul a r  weight , therefore t he 

lipo fuscin DNA i s  a l s o  l arge ly of nucle a r  origin . The presence of  

DNA wit hin lipofuscin granules is cons i stent with the histochemical 

evidence ( see Chapte r 5 ) , and therefore the DNA is unl ikely to  be a 

cont aminant . This raises the que stion of  how nuclear DNA comes t o  be 

f o u n d  i n  a cyt o p l a sm i c  o rg a n e l l e . I t  i s  l i k e l y  t h a t  t he DNA 

o r i g i n a t e s  f r om t h e  n u c l e i  of  t he ce l l s  o c c a s i o n a l l y  o b s e rved ,  

u s u a l l y dege n e r a t i n g o r  de a d ,  i n  t h e  f o l l i c u l a r  l umi n a . T h e  

aut o lysed content s of  these cel l s ,  including their nucleic acids , may 

be e ndocytosed by the act ive thyrocytes of the foll icle and thus t he 

DNA enters the lysosomes of  those cel l s . However, gel 

elect rophoresis showed that the DNA was not greatly degraded as might 
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be expected i f  i t  had come f rom an autolysed cell . It  was not more 

f r a gmented t h a n  DNA from f re s h ,  viable leucocytes . The l ipofuscin 

DNA may be DNA of the cell in which the l ipofuscin is found . I t  i s  

generally believed that DNA i s  broken down very slowly , i f  a t  al l ,  i n  

ce l l s  during l i fe ,  but thi s  makes it ha rd t o  expl ain why nucl ea ses 

are abundant in many tissues (Davidson 1 9 7 2 ) . Given the import ance 

of  the control and turnove r of  DNA and RNA , it is  i nterest ing that 

ve ry little is known about the cont rol of  nucleic acid catabo l i sm .  

The histological evidence for RNA was inconclusive ( see Chapte r 5 )  . 

A l t h o u g h  t h e n o n p r o t e i n  n i t r o g e n  c o n t e n t  o f  0 - 1 . 7 % ( n  = 4 ) 

theoretically a l l owed for a nucleic a ci d  c ontent of  up t o  1 0 %  w / w ,  

the mean DNA c ontent of  2 . 4 % a ccounted f o r  almost a l l  o f  the mean 

p h o sp h o r u s  c o n t e n t o f  l i p o f u s c i n  ( s e e  abov e ) . The r e ma i n i ng 

phosphorus would a ll ow for a mean RNA content of only 0 . 5 % ,  and then 

on l y  provided no ph o sphol ipid wa s p re s ent . I t  i s  t he r e f o re mo st 

unl i kely that RNA is  a signific ant c omponent of the ma s s  o f  equine 

thyroid l ipofusc i n . 

The rema i nde r o f  the l ip o f u s c i n  proved d i f fi cult t o  a n a ly s e ,  but 

c i r cums t antial evidence indi c a t e s  that i t  is  mainly c a rb ohydrat e .  

E q u i n e t h y r o i d  l i p o f u s c i n  l a b e l l e d  w i t h  C o n c a n a v a l i n  A i n  

hi s t o l og i c a l  s e c t i o n ,  indi c a t i ng the p r e sence o f  g l u c o s e  a n d / o r  

ma n n o s e  re s i du e s  ( s e e  C h a p t e r  5 ) . T h e  p o s i t i v e  re a c t i o n  o f  

l ipofuscin with PAS stain was mo st l i kely to  be due to  the presence 

of  c a rbohydrate . 

The ratios o f  nonprotein c a rbon , hydrogen , and oxygen ( Table 6 : 1 3 )  

c l osely approximated the C : H : O  ratio o f  1 : 2 : 1  found i n  ca rbohydrate , 

whi ch is 5 3 %  oxygen by ma ss . The nonprotein fraction of  l ipofuscin 

contained, on ave rage , sl ight ly les s oxygen than this  ( Table 6 : 1 3 ) . 

The other nonprotein organi c mo lecul e s  found in lipo fus c i n ,  lipids , 

a n d  n u c l e i c  a c i ds , cannot a c c o unt f o r  t h e  oxyge n content of  t he 

n o n p r o t e i n  f r a c t i o n . 

average : 

Equ i n e  t hy r o i d  l i p o f u s c i n  c o nt a i n s , o n  
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P rotein 3 6 . 0 %  w/w ( T able 6 : 1 0 )  

Dol ichol 6 . 6 % w/w ( T able 6 : 1 2 )  

Cholesterol 6 . 3 % w/w ( T able 6 : 1 2 )  

Phospholipid 1 .  3 %  w/w ( see above ) 

DNA 2 . 4 % w/w ( see above ) 

Met als  1 .  8%  w/w ( T able 6 :  6 )  

I odide 5 . 1 % w/w ( T able 6 :  4 )  

- - - - - - - - - - -

5 9 . 5 % w/w 

Oxygen r e p r e s e n t s  3 2 %  of t he ma s s  of DNA ,  but o n l y  7 %  w / w  o f  

pho spholipid,  1 . 1 4 %  w / w  o f  do lichol , and 4 . 1 5 %  w/w of  cholesterol . 

Therefore the mean values of these c omponent s ,  above , would a c count 

for a nonprotein oxygen content of : 

Oxygen in dol i chol 0 . 0 8 %  of total mass 

Oxygen in cholesterol 0 . 2 6 %  o f  total ma ss 

Oxygen in phospholipid 0 . 0 1 %  of t otal ma ss 

Oxygen in DNA 0 . 7 7 %  of  total ma ss 

- - - - - - - - - - - - - - - - - - -

1 . 1 2 %  of  total ma ss 

The nonprotein oxygen c ontent is  i n  fact much highe r ( Table 6 : 1 3 ) , 

w i t h  a mean v a l ue of  2 0 . 0 5 % . I f  the oxygen accounted f o r  by the 

l ipids and DNA is s ubt racted f rom thi s ,  oxygen repre sent ing 1 8 . 9 3 %  of 

the total l ipofuscin ma s s  rema ins in the unidenti fied fraction . 
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If this oxygen is  present as  53% w / w  of  carbohydrate ,  t he ma ss of  the 

c a rbohyd r a t e  w ould be 3 5 . 7 2 %  o f  the total lipofuscin mas s ,  and the 

composition of  lipo fuscin would be : 

P rotein 3 6 . 0 % w / w  (Table 6 : 1 0 )  

Dol ichol 6 . 6 % w / w  (Table 6 : 1 2 )  

Cholesterol 6 . 3 % w / w  ( Table 6 : 1 2 )  

Phosphol ipid 1 .  3%  w / w  ( see above ) 

DNA 2 . 4 % w / w  ( see above) 

Metals  1 .  8%  w / w  ( Table 6 :  6 )  

I odide 5 . 1 % w / w  (Table 6 :  4 )  

Carbohydrate 3 5 . 7 % w / w  ( calculated from oxygen) 

- - - - - - - - - - -

9 5 . 2 % w / w  

C a rbohydr a t e s  i n  l ip o f u s c i n  c ou l d  b e  present as s ide - ch a i n s  o f  a 

glycoprote i n ,  an  obvious candidate being thyroglobulin o r  f ragments 

of it . T hy rogl obu l i n  cont ains 1 0 %  ca rbohydrate by weight , and the 

u l t r a s t r u c t u r a l  s t u dy and ami n o  a c i d  comp o s i t i o n  i nd i c a t e  t h a t  

t hyroglobul i n  probably contributes to  thyroid l ipofuscin . There a re 

many othe r poss ible sources of ca rbohydrate in lipofusc i n ,  including 

lyso soma l glycoproteins . All lyso soma l membrane proteins described 

to date a re glycoprot e i n s ,  and s ome have been found to be 5 0 - 7 0 %  

c a rbohydr at e ,  while the luminal proteins o f  prima ry l y s o s ome s a r e  

typically about 1 0 %  ca rbohydrate ( Sto rrie 1 9 8 8 ) . 

Analys is  o f  the ca rbohydrat e content of  lipofus cin was f raught with 

di fficult i e s . The available methods of  ca rbohydrate analys i s  are for 

u s e  u p o n  a p u r i f i e d  s amp l e  of p o l y s a c c h a r i de or g l y c op r o t e i n . 

Attempt s t o  obt ain such a sampl e  by borohydride reduction were not 

s u c c e s s f u l . T h i s  may h a v e  b e e n  due t o  t h e  p r e s e n c e  o f  o t he r 

molecules which react with sugars under condit i ons such a s  heating . 

Analyses w e re f rust rated beca u s e  nothing w a s  known o f  t he f o rm in 

which carbohydrate wa s present , o r  of  the nature of any bonds between 

c a rbohydrat e s  and other molecul e s . D i rect colourime t r i c  analy s i s  

u s i n g  t he phen o l - s ul ph u r i c  a c i d  a s s a y  p roduced a s t r o n g  c o l o u r  

reaction . However to  obt ain reli able quantitat ive res u l t s  with the 



1 1 8  

phenol - s ulphuric acid as say i t  is  nece s s a ry to  know t h e  relat ive 

quant i t i e s  of di f f e rent neut r a l  s ugars present , as  t hey do not all 

give a s  st rong a reaction as mannose (Beeley 1 9 8 5 )  . I f  most of the 

r e a c t i n g  s ub s t a n c e s  are neut r a l  s u ga rs o t h e r  than manno s e ,  t he 

c ontent o f  6 - 1 0 %  c a l culated f rom t h i s  as say may be a c o n s i de rable 

underest imate . On the other hand a number of other known component s 

o f  equine thyroid l ipofuscin give false positive reactions with this 

a s s a y ,  name l y  deoxyribose ( Be e l ey 1 9 8 5 ) , protei n ,  and heavy met a l  

i ons ( Chapl i n  1 9 8 6 ) . 

The i n s o l ub l e  comp l exes produ c e d  f r om nonen zyma t i c  g l y c a t i o n  o f  

s ugars w i t h  proteins (Maillard produc t s )  a re yel low-brown in  colour 

and f l u o re s cent (Mauron 1 9 8 1 ) , and there f o re o f f e r  an a t t r ac t i ve 

explana t i on f o r  t h e s e  propert i e s  i n  l i po f u s c i n . P y r i do s i ne and 

furosine , the early glycation products of lys ine , we re n ot found in 

l ipofuscin . The glycated amino acids and furthe r derivatives a re not 

r e c o gn i z e d  a s  t h e i r o r i g i n a l  f o rms by qua n t i t a t i ve ami n o  a c i d  

a n a l y s i s , s o  i f  s i g n i f i c a nt qu a nt i t i e s  o f  Mai l l a rd p r oducts a re 

pre sent i n  l ipofus c i n ,  the re s h ould be n i t r ogen in exc e s s  o f  that 

accounted for by the amino ac ids recogni zed and quant i fied . I n  fact 

there is  l i ttle nitrogen that cannot be accounted for by these amino 

a c ids . The l a c k  o f  nonprotein nit rogen also militates against the 

pre s ence o f  S c h i f f  b a s e s , the a l leged p r odu c t s  of in vivo lipid 

pe roxidat ion . 

SUMMARY 

T h e  qua n t i t y  o f  l ip o f u s c i n  i s o l a t e d  f r om equine t hy r o i d  r a nged 

widely, but there was no correlat ion with age . 

The re wa s c o n s i de ra b l e  he t e r o ge n e i t y  i n  chemi c a l  comp o s i t i o n o f  

equine thyroid l ipofuscin between individual animals and, i n  the case 

of protein quant ity , between samples f rom the same animal . 

I n  c o nt r a s t  t o  t h i s  he te roge ne i t y  t h e  ami n o  a c i d  r a t i o s  o f  the 

protein f raction were highly repeatabl e ,  and proportions were simi l a r  

to  those in  thyroglobulin . The ave rage protein content w a s  3 6 % , o f  
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which 8 1 %  could b e  di ssolved in LDS / 2 -mercapt oethanol . Four protein 

bands between 14 and 18 kDa were observed by LDS -PAGE in all samples 

t hus examined . These proteins were soluble in 

chlorofo rm/methanol / ammonium acetate . 

The ma j o r  l i pids p r e sent we re do l i chol and cho l e s t e ro l , but the 

p r opo rt i on s  di f fe red between h o r s e s . Sma l l  quan t i t i e s  o f  n o rma l 

phosphol ipids were ext racted . No t riglyce rides we re observed on TLC 

o f  lipids f rom six horses and no unidenti fied lipids were detected . 

Lipids repres ented a me an of 1 3 . 7 %  o f  the ma s s  of lipofuscin . The 

contents of t he vacuole-like components of l ipofusc i n  g ranules we re 

n o t  removed by lipid s olvent s and a re t he r e f o re mo s t  unl i kely t o  

contain lipid.  Thi s i s  consistent with the histochemi s t ry . 

The concent rat ions of  mo st met a l s  were generally high i n  i s o l a t ed 

l ipofusc i n  rel ative to  thyroid t i s su e ,  but there wa s n o  a ge-related 

t rend in s t o rage of  any metal . The metal content in  equine thyroid 

l ipofus cin is likely to  re flect the exposure to  those met a l s  of  the 

horse during its  li fetime . 

A sma l l  qua n t i ty o f  nuclear DNA i s  present i n  lipo f u s c i n  in  s ome 

ho rses . 

There was colourimetric evidence for the presence of ca rbohydrate in 

l ipofuscin , but direct quantitat ive analysis  was not achieved, due to 

t h e  c omp l e x  n a t u r e of t he ma t e r i a l  b e i n g  a n a l y s e d . E l eme n t a l  

analysis  o f  l ipofu s c i n  st rongly s upports the hypothe s i s  t hat up to  

3 6 %  of t he unidenti fied fraction may be composed of carbohydrate . 

The good agreement between total l i pofuscin nit rogen and l ipofuscin 

protein nit rogen precludes the presence of  signi ficant quantities of 

h e x o s ami ne s ,  p r odu c t s  of  none n z yma t i c  glyc a t i o n  of p r o t e i n s , or 

Schiff base s . 

Lipofus c i n  may represent a s t o rage s i t e  f o r  iodide , but s i nce the 

halide content of  lipofuscin doe s not increase with age ,  any storage 

of iodide in lipofuscin is unlikely to be permanent . 
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There i s  a l ongstanding assumption in  the scientific literature that 

l ipid perox i dat i o n  is i nvolved in bi ogene s i s  of l ipopigment s ( see 

Review c h a pt e r )  This theo ry i s  l a rg e l y  built upon the a l l eged 

s imi l a ri ti e s  in fluorescence characteri s t i c s  between l ipofuscin and 

l ipid pe roxidation product s fo rmed in vit ro (Chio a nd Tappel 1 9 6 9a ,  

b )  but t hese simi l a rities have been questi oned recently ( Eldred 1 9 8 7 ,  

B r i z zee a nd Ordy 1 9 8 1 , Hamme r and Braum 1 9 8 8 ) . The development of  

c e r o i d  i n  a n ima l s  w h i c h a r e f e d  di e t s  w h i c h i n c r e a s e  l i p i d  

p e r o x i da t i on i n  v i t r o  i s  c i t e d  a s  suppo r t i ng e v i d e n c e  f o r  t h i s  

t heory , a l t hough s uch expe riment s do n o t  a lways p roduce the s ame 

r e s u l t s  ( P o r t a  1 9 8 7 )  T h e r e  i s  n o  d i r e c t  e v i de n c e  f o r  t h e  

e x t r a p o l a t i o n o f  t h e  l i p i d  p e r o x i da t i o n t h e o ry t o  i n c l ude t he 

b i ogene s i s  o f  lipofuscin in  n o rma l cell s .  The l ipid peroxida t i on 

t he o ry h a s  been s h own t o  be u n t e n able f o r  a numbe r o f  f o rms o f  

ceroid- l ipofuscino s i s  in man and animals ( P a lmer et a l  

1 9 8 6a , b , 1 9 8 9 , 1 9 9 0 , 1 9 9 1 , Martinus e t  al 1 9 9 1 , Jolly e t  a l  1 9 9 1 ) . 

L i popigme n t s a r e  gen e r a l l y  a s s ume d t o  be r e s i s t a n t  t o  c hemi c a l  

a n a lys i s . I n  theories  of  l ip o f u s c i n  biogene s i s ,  t he granules a re 

o f t e n  a l l e g e d  t o  c o n t a i n  t h e i n d i g e s t i b l e p r o du c t s o f  a n  

i r reve r s ible reac t i on ,  o r  s e r i e s  o f  rea ct i ons ( B ru n k  a n d  Col l i ns 

1 9 8 1 ,  Dolman and Macleod 1 9 8 1 ,  Z s . -Nagy 1 9 8 8 ,  Nakano et a l  1 9 8 9 ) . I n  

pa ra f f i n  s e c t ions the granu l e s  a re re si s t a n t  t o  o rg a n i c  s o lvents 

( El lede r 1 9 8 1 )  and i s olated granu l e s  f rom human hea rt have proved 

di fficult to  analyse ( Hendley et al 1 9 63b, B j orke rud 1 9 6 4 ) . 

I n  re c e n t  y e a r s  i t  h a s  been f o u n d  t h a t  experime nt a l l y i nduced 

di sturbances in  protein metabo l i sm ( Sharma and Manocha 1 9 7 7 , Manocha 

and Sha rma 1 97 7 ) , and in part i cular lysosomal proteolysi s ,  result in 

the accumulation of  a lipopigment in  a variety of tissue s  and species 

( I v y et a l  1 9 8 4 , I v y and G u r d  1 9 8 8 ,  K a t z and S h a n k e r  1 9 8 9 ) . 

F u r t h e rm o r e  g e n e t i c  de f e c t s i n  p r o t e i n  me t a b o l i s m h a v e  b e e n  
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impli cated i n  two inherited di seases in which so-called l ipopigments 

a c cumu l a t e ,  Chedia k-Higa shi disease (Es sner et al 1 9 7 4 ) and Ceroid­

l ipofus c i no s i s  ( P a lme r et al 1 9 8 6b ,  1 9 8 9 , 1 9 9 0 , 1 9 9 1 , Fea rnley et a l  

1 9 9 0 )  . 

T h i s  s t udy w a s  unde rt aken t o  dete rmine the nature o f  l ipofuscin in 

n o rma l e qu i ne t hy r o c y t e s  by t h e s y s t ema t i c  u s e  o f  h i s t o l o gy ,  

histochemi s t ry ,  and chemi cal analy s e s ,  to  determine the relationship 

b e t w e e n  l i p o f u s c i n  a n d  a ge i n  t h i s  t i s s u e ,  and t o  e xp l o re t he 

possible rel a t ionship between l ipofuscin and protein met abol i sm.  The 

t hyroid gland was selected as a suit able t i s s ue for study because the 

me t a b o l i s m o f  t hy r o g l o bu l i n  i s  t h e c e n t r a l  pr o c e s s  i n  t h y r o i d  

f unct ion,  and there i s  a reas onable body of  knowledge concerning this 

p roce s s . 

The h i s t o l o g i c a l  s tudy of 3 1  h o r s e s  showed t hat f i ne l ipopigment 

granules f i r s t  appea red in norma l f ollicles by the a ge of 3 years . 

The number o f  granules per cel l increased between 3 and 5 years but 

did not i n c re a se with age the rea ft e r .  No age -re l at e d  i n c re a se in 

s i ze or  colour wa s observed a fter the age of 6 yea rs . Bec ause this 

l ipopi gment does not accumulate with age , the term ' age pigment ' is 

not s t r i c t l y  appropriate , but s i nce the re is no e v i dence that the 

l ipopigment i s  a s sociated with di sease of  lipid metaboli sm, the term 

' ceroid' i s  a l so inappropri ate . Furthermore , in the great ma j o rity 

o f  f o l l i c l e s  the re was no e v i de n c e  t h a t  t he lipopigment was the 

product of  a ny abnormal or patho l ogical proce s s ,  alt hough unusually 

l a r g e  g r a n u l e s  w e r e  f o u n d  i n  a s s o c i a t i o n w i t h  h i s t o l o g i c a l  

abnorma l i t i e s  o f  the colloid i n  a small proportion o f  follicles in 

young h o r se s . The ubiqu itous o c c u rrence of  l ipopigment i n  horses 

over 5 yea rs of  age indi cates that it is probably a no rmal feature of  

e quine t hy r o cyt e s  in the a du l t  an imal . The li popigment forms i n  

n o rm a l  c e l l s  a n d h a s  t h e m o r p h o l o g i c a l  a n d  h i s t o c h e m i c a l  

c h a r a c t e r i s t i c s  o f  l i p o f u s c i n ,  a n d  ' l i p o f u s c i n ' h a s  been u s e d  

t h roughout this  thesi s  as a des c ript ive term without connotations of  

a part icular pathogenesis or as sociat ion with age . 

The lack o f  a progressive increase with age is  not consi stent with an 

end- s t age r e s idu a l  body c ont a i n i n g  indige s t ible c e l l u l a r  deb r i s 
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b e c a u s e  t h e  c e l l u l a r  b u r de n  o f  s u c h  b o d i e s  s h o u l d  i n c r e a s e  

p rogre s s ively with age ,  unl e s s  they are exc reted o r  diluted by cell 

divi s i on . I t  i s  probable that equine thyroid lipofuscin is  formed 

t h roughout l i fe , but a l s o  c a t aboli sed and/or excreted at a more o r  

l e s s  steady rate . Lipofuscin granules in the colloid may be released 

f r om e i t h e r  ex f o l i a t e d t h y r o c y t e s  o r  he a l t hy t hy r o c y t e s , a n d  

l ipofuscin-l aden mac rophages in the inte rstitial tissue may represent 

a nother rout e of  removal , but both of  these were s o  ra rely observed 

t hat t hey a re u nl i ke l y  to be ma j o r  routes by whi c h  l ipo fuscin i s  

removed .  Therefore catabol ism may be the more signi f i c ant route for 

t he di sposal of l ipofuscin . It  is  ext remely unlikely t hat l ipofuscin 

c e a s e s  to f o rm in t he adu l t  ho r s e s . The re was u l t r a s t ru c t u r a l  

e vidence that lipofuscin granules i n  the thyroids of  horses i n  their 

t went i e s  and thi rties were a c t ive organe l l e s , fu s ing w i t h  c o l l o i d  

d roplet s ,  a n d  t h i s  is  consistent with the i r  lysosomal nature . It i s  

a l s o  ext remely unl i kely that the absence o f  a n  age - related increase 

i n  l i p o f u s c i n  i s  due to d i l u t i o n  of t he c e l l u l a r  bu rden du r i n g  

mitosi s . The mitotic rate of  thyrocyte s i s  low , and the age-related 

a c cumulation of cold follicles in murine thyroids suggests  that mo st 

of the thyrocyte s survive for the li fet ime of  the mouse . Furthe rmore 

i n  most horses there was a linear relationship between cell  numbers 

a nd granule numbers within an individual gl and ( T able 4 : 1 ) , whi ch 

i ndicated that the lipofuscin burden was generally uni f o rm throughout 

a section,  with the exceptions of the abnormal follicles in the young 

h o rses . Thi s u n i f o rmi ty mi l i t a t e s  aga inst s igni ficant di lution of 

l ipofuscin by mit osis . 

The a s s ociat ion between the pre sence of colloid abno rmal ities and the 

p resence of large lipofuscin granules in a small number of  follicles 

in horses up to  t he age of 6 yea rs sugge sted that d i s t u rbances in 

follicular funct ion may cause an increase in lipofusc i n  accumul ation . 

I t  was not possible to  determine whether the primary abno rmality was 

i n  the t hy r o cyt e s  or the c o l l o i d . Abn o rma l i t i e s  i n  the c o l l o i d  

o ccurred independent ly of l a rge l ipofus c i n  granule s  i n  thyrocytes ,  

but l a rge l ipo f u s c i n  granules were found exc lusively i n  fol l i c l e s  

w i th abno rma l c o l l oid . The a s s o ciation between the two phenomena 

d i sappea red in o l der horse s ,  a l t hough f o l l i c l es containing colloid 
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abn o rmalities  were found i n  almost every horse . The l a rge lipofuscin 

granules were found in most o f  the young horse s ,  and t he i r  absence in 

t he o l de r  h o r s e s  t he re f o re p rob ably i n di c a t e s  t h a t  t hey can be 

l a r g e l y  o r  c omp l e t e l y  c a t a b o l i s e d . I t  i s  not c l e a r  why t h e s e  

granules cease t o  form i n  the olde r  horses . 

The ma j ority of l ipofuscin granule s ,  cons iderably sma l l e r  than those 

in t he a bn o rma l f o l l i c l e s ,  w e r e eve n l y  di s t r i bu t e d  in n o rma l 

f o l l i c l e s  i n  u n s t a i n ed s e c t i o n s , a n d  i n  S c hmo r l ' s - s t a i ned and 

Ma s s on ' s F o nt a n a - s t ained s e c t i on s , from age 3 ye a r s  upwa rds . I n  

a l mo s t  a l l  h o r s e s  ove r the a ge o f  5 yea rs , the granules were o f  

s u f f i c ient s i ze a nd colour t o  b e  detected i n  H&E-st ained sections , 

alt hough they were more readi ly observed by fluore s c ence mic roscopy 

or  by t he use of Schmorl ' s  and Ma s s on' s Fontana stains . 

The re w a s  hist ochemi cal evi dence for the presence o f  i ro n ,  DNA, and 

man n o s e  a nd / o r  glucose in l i p o f u s cin granul e s . The h i gh natural 

electron density suggested the presence of  metals . The histochemical 

reac t i on with lipid st ains w a s  mode rate and only r a rely extended to  

the ' vacuole s '  which in other studies have been assumed to  be ' lipid 

droplet s ' . The c ontents o f  these area s were not s o l uble in lipid 

s o l vent s ,  o nly sma l l  amount s o f  l ipid were ext r a c t e d  f rom equine 

thy r o i d  l ip o fus c i n ,  and no t ri gl ycerides were de t e c t e d ,  s o  t he se 

' v a c u o l e s ' a re not ' l i pid d r o pl e t s ' .  S i nce the s e  a re a s  a re not 

empty, the term ' vacuole' is  a l s o  strictly a mi snome r . 

I t  has  been sugge sted that the bi ogenesis of  age pigment begins with 

the ' vacuole s '  ( Samo ra j s ki and Ordy 1 9 67 ) . However sma l l  l ipofuscin­

l i ke s t r u c t u r e s  complete w i t h  both ma t r ix and ' v a c u o l e s ' ,  w e re 

ob s e rved by e l e c t ron mi c r o s c opy i n  co l l o i d  dropl e t s  ( Fi g .  5 : 1 7 ) . 

The se probably represent the earliest st ages of  lipo fuscin granule s ,  

as  s uggested by Ives e t  a l  ( 1 9 7 5 )  Although l ipofuscin granules i n  

various t i s s ues have been shown to  be lysosomal in nature ( Dolman and 

Ma c l e o d  1 9 8 1 ,  B a rden and B r i z z e e  1 9 8 7 , Goebel 1 9 8 8 ,  C l a r k  et a l  

1 9 8 9 ) , t h e r e  i s  debate i n  t he l i t e ra t u re over whe re t he mat e r i a l  

i n i t i a l l y  f o rms ( Dolma n  a n d  Ma c l e od 1 9 8 1 )  The evidence in t h i s  

st udy i s  t h a t  lipofuscin forms in phagolysosome s de rived f rom colloid 
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drop l e t s . The re i s  no ev i de n c e  t h a t  l i po f u s c i n  g r a n u l e s  f o rm 

out s i de t he lysosomal system in the thyroid . 

The v a r i abi l i t y  i n  hist o chemical reacti ons indi c a t e d  conside rable 

chemic a l  hete rogeneity . Some hist ochemi cal rea ct i ons , such as PAS , 

Schmorl ' s  and Masson ' s Fontana st ains , were posit ive in a l l  cases but 

varied in intensity between individual s ,  while others , s uch as Perl ' s  

s t a i n  for iron and Feulgen-NAH stains , were positive i n  a minority of 

granules in a section ( Table 5 : 1 ) . The chemical heterogeneity was 

con f i rmed by analyti cal studie s  of i solated l ipofu s c i n . Lipofuscin 

granules proved relat ively easy to  i s o l ate , a l though the quantity 

o b t a i ne d  f r om each h o r s e  w a s  not adequate f o r  a full  range of  

a n a l y s e s , even u s ing mi c r o a n a l yt i c a l  t e c hnique s ,  because o f  t he 

quantities of  sample requi red for accurate re sults . 

There have been ve ry few analyt ical studies on i solated l ipopigment s .  

A mo re thorough and comprehensive ana lysis was achieved he re than in 

any other study of the composition of lipofuscin reported to date . A 

range o f  chemi c a l  speci e s ,  a c c ount ing for mo st o f  t he ma s s  of  the 

lipofuscin,  were sepa rated and analysed . 

The mean protein content o f  l ipofus cin was 3 6 %  by weight , but this 

v a r i e d  g r e a t l y  between h o r s e s . There wa s a l s o  v a r i a t i on i n  t he 

protein content between di f ferent sample s  from the s ame horse ( Table 

6 : 1 0 ) . I n  c o n t r a s t  t h e ami n o  a c i d  c omp o s i t i o n  o f  t he p r o t e i n  

f r a c t i on w a s  h i ghly repe a t a b l e  b e t w e e n  h o r s e s . T h e  ami no a c i d  

composition w a s  similar t o  that of total thyroid homogenate and those 

of human and bovine thyroglobulins . Approximately 8 1 %  o f  the protein 

f r a c t ion was s oluble in 3% LD S / 1 0 %  2 -me rcaptoethanol . The proteins 

separated as  d i s c rete ba nds on polyacrylamide ge l elect rophores i s . 

Four ma j o r  protein bands , MW 1 4  to  1 8  kDa , were found in all samples . 

I n  l i ght o f  t he known f u n c t i o n  o f  t hy r o cyte ly s o s ome s ,  and t he 

ul t ra s t ructura l evidence that colloid droplets fuse with lipofuscin 

g r a n u l e s ,  i t  i s  l i k e l y  t h a t  t h e s e  p r o t e i n s  a re f r a gme n t s  o f  

thyroglobuli n .  It has been s hown that the intermedi ate proteolyt i c  

p r o du c t s o f  t hy rogl obu l i n  a re l e s s  readi l y  c a t a bo l i sed t han t he 

parent protei n . P roteolysis  of  thyroglobul in begins rapidly but then 
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becomes s l ower ( van den Hove -Vandenbroucke 1 9 8 0 )  and 4 0  t o  6 0 %  o f  the 

t o t a l  deg ra d a t i o n  product s o f  t hy r oglobul i n  accumu l a t e  a s  sma l l  

pept i de s  i n  secondary l y s o s ome s ( P e a ke e t  a l  1 9 7 0 ,  v a n  den Hove­

Vandenbroucke 1 9 8 0 ,  Tokuyama et al 1 9 8 7 ) . 

The four proteins ext racted as proteolipids in 

chloroform/methanol / ammonium acetate,  but their col lective amino acid 

composition was simi l a r  to  those of  total l ipofuscin protein ,  bovine 

t h y r o g l o b u l i n ,  a n d  h uma n t h y r o g l o b u l i n  ( T a b l e  6 : 8 ) . T h e i r  

hydrophobic nature must therefore be due t o  their tert i a ry st ructures 

r a ther t h a n  a high c oncent ration of hy drophobic ami n o  a c ids , and 

hence does not prec l ude the po s s ibi lity that they a re de rived f rom 

t hyroglobu l i n . Sequenci ng of  these prot eins was attempt ed but no 

sequence informat ion was obtained, so it was not pos s ible t o  confirm 

their origin . 

Equine t hyroid lipofuscin showed only a sl ight to mode rate reaction 

to l i p i d  s t a i n s  in f r o z en s e c t i o n s . Of l i pids e x t r a c t e d  f rom 

i s o l ated l ipofus c i n ,  choleste rol , a norma l membrane component , and 

do l i chol , a component of l y s o s omal memb ra ne s ,  were the p r i nc ipal 

l i p i d  spe c i e s . T h e  dol i c hol c o n t ent was  mu ch h i gh e r  t h a n  t h a t  

usually found in lysosomal membranes (Wong e t  a l  1 9 8 2 ) . C ompa ri son 

w i t h  t he dol i chol c ontent o f  t o t a l  thyroid homogenate s h owed that 

l ip o fu s c i n  rep resented a ma j o r  s t o ra ge site of  do l i chol i n  equine 

thyroid t i s sue ( Table 6 : 1 2 ) . The high leve ls of dol i chol found in  

l ipofus c i n  s uggest active sto rage o f  thi s neutral l ip i d ,  which i s  

bel ieved to  l a c k  a catabolic pathway ( Rip e t  a l  1 9 8 5 ) . Howeve r ,  the 

considerable variabi l ity between horses in the quant ities of  doli chol 

and chole sterol in l ipofuscin suggested that neither wa s vital to the 

b i o ge ne s i s  o f  the l ipopigme nt . Only sma l l  quant i t i e s  o f  n o rmal 

membrane p h o s p h o l i p ids w e re f o und i n  l i p o f u s c i n . T h e re were no 

�riglycerides o r  denatured lipids . 

There was histochemi cal evidence for the presence of reducing sugars , 

and lectin hist ochemi stry demonst rated the presence of  mannose and/or 

g l u c o s e  i n  equine t hy r o i d  l i p o f u s c i n . T h e  e l eme n t a l  a n a l y s i s  

indicated that up t o  3 6 %  o f  the ma s s  o f  l ipofus cin i s  l i kely t o  be 
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c a r b o h y d r a t e . T h e  n o rma l a p p r o a c h  i s  f i r s t  t o  p u r i f y t he 

g l y c op r o t e i n ,  p r o t e o g l y c a n  o r  g l y c o l i p i d ,  t hen c l e a ve o f f  t he 

ca rbohydrat e ,  hydrolyse it into mono saccharide s  and quant i fy t hem . 

H o w ev e r  a t t empt s t o  p u r i fy c a rbohyd r a t e  f o r  a n a l y s i s  w e re not 

succe s s ful , and attempts to analyse the c a rbohydrate without fi rst 

pu r i f y i n g  it w e r e  a l s o  u n s u c c e s s f u l . T h e s e  re s u l t s  w e r e n o t  

s u rpr i s i ng g i ven the dive r s e  ra nge of  o t he r chemi c a l  species in 

l ip o f u s c i n  which would be l i kely t o  react with ca rbohydrates under 

condi t ions such as bo rohydride reduct ion or  hydrolysis . No rel i able 

technique s  exi st for analysing ca rbohydrates directly within samples 

of  t h i s  natu re . Only small quant i t ies of  nonprotein nit rogen were 

present , indi cating that any c a rbohydrates present could not include 

la rge quant it ies of  hexosamines or  product s of  nonen zyma t i c  glycat ion 

of  proteins . 

Th i s  i s  the f i r s t  t ime tha t c a rbohydrate has  been s ugge s t ed a s  a 

ma j o r  c omponent o f  a li popigment . Ca rbohydrate is  the most l i kely 

expl anation for the positive reaction of  l ipofuscin with PAS stain . 

In the past t he posit ive staining with PAS has been att ributed by a 

mo re c onvo l u t ed a rgument to  the pre sence o f  a ldehyde s p roduced by 

lipid pe roxidation, appa rently on the assumpt ion that l ipopigment s do 

not contain c a rbohydrates . Ca rbohydrate may also be responsible for 

t h e  redu c i ng c a p a c i t y  demon s t r a t e d  by t he u s e of S c hmo r l ' s  and 

Ma s s on ' s F ont ana stains . The c a rbohydrate in this l ipofuscin could 

o riginate f rom thyroglobulin, which is  about 1 0 %  of  the molecule (De 

Naye r a n d  V a s s a r t  1 9 8 0 ) , or f r om othe r s o u r c e s . S ome l y s o s omal 

memb r a n e  p r o t e i n s  c o nt a i n  5 0 - 7 0 %  c a rbohydrate , wh i l e  l y s o s omal 

l uminal proteins a re typically about 10%  ca rbohydrate ( St o rrie 1 9 8 8 ) . 

A w i de r a n ge o f  me t a l s  w e r e  f ound i n  equine t hy r o i d  lipo f u s c i n  

( T a b l e  6 : 5 ) . T h e re w a s  no  age - re l a t e d  i n c re a s e  i n  t o t a l  met a l  

c ontent , s ugge s t i ng that s ome recycling or  excretion o f  the metals  

o c c u r s  i n  l ipofu s cin . The concent rat i ons of met a l s  were gene rally 

h i gh e r  in i s o l a t ed l i p o f u s c i n  t h a n  in t hy r o i d  t i s s u e ,  but t he 

c oncent rati ons of  the metals va ried independently of  each other , and 

independent ly of age . 
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Lipo f u s c i n  c o nt ained approxima t e ly t w i c e  a s  muc h  h a l i de a s  t ot a l  

thyroid t i s su e ,  a f i nding cons i s tent with other studies o f  thyroid 

l ipofu s c i n  ( G o rdon et a l  1 9 8 4 ,  Me s t dagh et  a l  1 9 9 0 ) The h a l i de 

c o n t e n t  o f  l i p o f u s c i n  d i d  n o t  i n c r e a s e  w i t h  age ( T a b l e  6 : 4 ) , 

s ugge s t i n g  t h a t  t h i s  c omponent , p r obably mo s t l y  i o di de , i s  a l s o  

recycled o r  excreted a t  a steady rate . 

Equine thyroid lipofuscin and the lipid peroxidation theory 

Acc o rding t o  t he l ipid peroxida t i on theory l ipofus c i n  c o n s i s t s  o f  

' dege n e r a t ed ' , ' deg raded' , ' c ro s s l i nked' material o r  ' po l yme ri zed 

residues of  l ipids and proteins ' ( B runk and Coll ins 1 9 8 1 ,  Dolman and 

Ma c l e o d  1 9 8 1 ,  Ivy et al 1 9 8 4 , Z s . -Nagy 1 9 8 8 ,  Nakano et al 1 9 8 9 ) . 

M a n y  f i n d i n g s  i n  t h i s  s t u dy a r e i n c omp a t ible w i t h  t he l i p i d  

peroxidation theory o f  lipofuscin biogenesis  and compo s i t i on . 

Equ i n e  t h y r o i d  l i p o f u s c i n  h a s  t h e  typ i c a l  c o l o u r ,  mo rpho l o gy ,  

f l u o r e s c e n c e  and reducing capa c i t y o f  l i p o f u s c i n ,  but i t  s e l dom 

stains with Oil Red O, and the mode rate react ion to S udan Black B i s  

not greater in f ro zen sections than i n  pa raffin secti ons , f rom which 

mos t  l ipids should be removed du ring proce s sing . The s implest and 

most l i kely explanation for the posit ive PAS reaction is the presence 

of ca rbohydrates ,  as  confirmed by lectin histochemi s t ry . 

T h e  qu a n t i t y o f  l i po f u s c i n  i n  t h e e q u i n e  thy r o i d  i s  n o t  a ge ­

dependent , and intracel lular turnover i s  the most l ikely expl anation 

f o r  t h i s . S u c h  c a t a b o l i s m i s  n o t  c o mp a t i b l e  w i t h  t he l i p i d  

pe r o x i da t i on t h e o ry which propo s e s  t h a t  l i pofu s c i n  i s  de g r a ded,  

polyme rised material re sistant to  catabo l i sm ( see Chapter 1 ) . 

No t riglyceride s  o r  f ree fatty a c ids were found i n  equine t hyroid 

l i po f u s c i n ,  s o  t he only p o s s ible sources of  polyun s a t urated fatty 

acids t o  be pe roxidised are phospholipids , but only small amount s of  

n o rm a l  p h o s p h o l i p i d s  w e r e  f o u n d  and t he pho s ph o r u s  c o n t ent of  

i solated l ipofuscin preclude s the presence of sign i f i c ant quantities 

o f  ' degraded' o r  pe roxidi sed pho sphol ip ids . Amino a cids a ccounted 

f o r  most of the nit rogen, and the small amount s left were l i kely t o  

b e  i n  nucleic a c i ds ,  so there c annot b e  signi f i cant quant i t i e s  of  

S c h i f f  bases . 
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Not a l l  t he protein w a s  solubl e i n  the dete rgent system u sed, but 

t h i s  d o e s  n o t  me a n  t h a t  t h e i n s o l ub l e  p r o t e i n  i s  i n  a ny w a y  

' degenerated' , 'degraded' , ' c r o s s l i nked' o r  ' polyme ri zed' . Normal 

p r o t e i n s  may be i n s o l ub l e  i n  w a t e r a n d  i n  s o l u t i o n o f  LD S / 2 -

me rcaptoethanol .  Coll agen is  an obvious example of a normal protein 

which i s  insoluble in these and numerous other solvent systems . 

The chemi c a l  hete rogene ity o f  equine thyroid l ipofu s c i n  c annot be 

a c c o u n t e d  f o r  by a s i n g l e  c a u s e , a s  p r o p o s e d  by t h e  l i p i d  

pe r o x i da t i o n  t he o ry . The o b s e rv e d  hete rogene ity i n  mo rpho l ogy , 

histoc hemi s t ry,  and chemi s t ry is  l i kely to  be a re flect i on of  their 

l y s o s omal function . Mo st o f  the ma s s  of  this  lipo f u s c i n  has been 

ident i fied and there is no evidence of free radical-induced damage to 

t he l i p i d s  o r  p r o t e i n s  p r e s e n t . T h e r e  i s  no e v i de n c e  f o r  the 

pre sence o f  complex, polyme ri zed material re s i s tant t o  catabo l i sm .  

I f  any such mate rial i s  present , i t  does not represent a signi fi cant 

proportion o f  the ma ss of thi s lipofus cin . 

Equ i ne t h y r o i d  l i p o f u s c i n  i n  p a r a f f i n  s e c t i o ns w a s  f l u o r e s cent , 

although not as intensely fluores cent as other structu res in the same 

t i s s ue ,  s u ch a s  sphe r i t e s  a n d  a l t e red c o l l oid . The l a t t e r  a re 

probably colloid f rom which s ome water has been lost . The bas i s  for 

the fluorescence of the lipofus cin granules is  unknown . There was no 

evidence t hat a specific fluo ropho re re flecting the bi ogenesis  of  the 

l i p o f u s c i n ,  a s  p r opo s e d by t h e l i p i d  pe r o x i da t i o n t he o r y ,  w a s  

p r e s e n t . I t  i s  l i k e l y  t h a t  t h e f l u o r e s cence i s  a p r op e r t y  o f  

t hy roglobulin f ragment s i n  that envi ronment . The l ipopigrnent which 

is s t o red in ovine ceroid-lipo fuscinosis is intensely fluore scent in 

s e c t i ons , but the i s olated s t o rage bodies di s s olved in an aqueous 

s o l ution of 1 %  LDS a re not fluores cent , and negl igible fluore s cence 

can be demonst rated in chlorof o rm/methanol ext ract s of the i s olated 

s t orage bodies (Palme r and We stl ake , unpubli shed data )  . 

The results  of  this st udy indicate that equine t hy r o i d  l ipofuscin 

granu l e s  a re active lysosomal organelles , the a ccumulation of  which 

i s  not di rectly related to  age after maturity is reached . They are 
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ubiquit o u s  i n  normal thyrocyt e s  o f  a dult horses , and a re therefore 

probably normal lysosomal inte rmedi ates in these cells , a lthough t he 

a s s o c i a t i o n  b e t w e e n  un u s u a l l y  l a rge l i p o f u s c i n  g r a n u l e s  a n d  

abnorma l i t ie s  o f  t he colloid i n  young horses suggests t h a t  abnormal 

f o l l i c u l a r  f u nc t i o n may s omet ime s  i n c r e a s e  t h e  a c c umu l a t i o n  o f  

l ipofu s c i n . 

Lysosomes , residua1 bodies , and 1ipofuscin 

Lipofuscin granule s  have been des cribed as lysosomal res i dual bodies 

(Barden and Briz zee 1 9 8 7 ,  Goebel 1 9 8 8 ) . This descript i on i s  based 

on a m o de l of l y s o s oma l b i ogen e s i s  and f u n c t i o n  w h i c h  is n o w  

outdated . The re have been changes in perception of lysosomes s i nce 

the i r  d i s c ove ry by de Duve in the 1 9 5 0 s  ( de Duve 1 9 6 9 ) . I n  s ome 

early publ i cations the lysosome was de sc ribed as a cellular ' suicide 

bag' , a concept now cons idered na ive (Ca rrell 1 9 8 9 ) . 

Ly s o s ome s a re hete rogeneous in s i ze and morphology ( Ca r rell 1 9 8  9 ,  

Ko rn f e l d  and Mel lman 1 9 8 9 )  They receive input from both endocyt ic 

and b iosyntheti c  pathway s ,  and share some biochemical cha racteristics 

w i t h ve s i c l e s  f rom both s o u r ce s . D e f i n i ng ly s o s ome s  by e i t he r  

mo rph o l ogi c a l  o r  bio chemi c a l c r i t e r i a  i s  there f o r e  di f f i cu l t . A 

useful funct ional de finition of lysosome s is that they represent the 

terminal degradative compa rtment for mac romolecules originat ing f rom 

within or outs ide the cell ( Ko rnfeld and Mellman 1 9 8 9 ) . 

T h e  o l de s t  t he o ry o f  l y s o s ome bi ogen e s i s  i s  t ha t  e a ch p rima ry 

lysosome is  produced from the Golgi complex as a complete o rgane lle 

w i t h  a f u l l  c omp l eme nt o f  hydr o l y t i c  e n z yme s . S u c h  a p r ima ry 

l y s o s ome f u s e s w i t h  a ve s i c l e  c o nt a i n i ng s ub s t ra t e  t o  b e c ome a 

s e c onda ry l y s o s ome . Sec onda ry lysosome s undergo mul t iple f u s i ons 

w i t h  ve s i c l e s  cont a i n i n g  s ub s t r ate . Eventually l y s o s ome s bec ome 

ove rl oaded with ins oluble material , and/ or lose en zymi c  act ivity , and 

b e c ome de funct ' re s i du a l  bodi e s ' ( Ca r ro l l  1 9 8 9 ) . Howeve r ,  this 

t h e o ry that prima ry lys o s ome s a re c reated as fully formed units  is  

u n l i k e l y  t o  be v a l i d ,  b e c a u s e  t h e r e i s  e v i de n c e  t h a t  n e w l y  

s y n t he s i ze d  l y s o s omal p r o t e i n s  a r e t ra n s fe r re d  w i t h  i n di v i du a l  

k i n e t i c s  r a t h e r  t h a n  a ' ma s s  f l o w  c oh o rt ' ( S t o r r i e  1 9 8 8 ) . F o r  
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example ,  a s tudy o f  the transport kinetics o f  three animal lysosomal 

membrane p r oteins has  shown that one protein was t r a n sp o rted at a 

s i gni f i c an t ly s l ow e r  rate t h an t he o t h e r  t w o  ( Ba r r i o c anal et  a l  

1 9 8 6 )  . 

The c urrently favoured hypothe s i s  i s  that most lysosomal proteins a re 

t ranspo rted f rom the Golgi apparatus t o  t he lysosome v i a  v e s i c l e s  

which act a s  shuttles . Each shuttle does not carry a full complement 

of l y s o s omal proteins ( Storrie 1 9 8 8 ) . The se shuttles fuse either with 

an exist ing seconda ry lys os ome ( Storrie 1 9 8 8 )  or with a late endosome 

ca rrying endocytosed mate r i a l  t o  the lysosome ( Darnell et al 1 9 8 6 ,  

K o r n f e l d  and Mel lman 1 9 8 9 )  I t  i s  not e s t a b l i s h e d  whether s uch 

endo s ome s then mature into l y s o s ome s or whether the i r  content s are 

t ra n s f e rred t o  lysosomes . Acco rding to the latter theory the late 

e n d o s ome rep r e s e nt s a ' s o r t i n g  s t a t i o n '  f r om w h i c h  mann o s e - 6 -

ph o s p h a t e r e c ept o r s , p l a sma memb r a n e s , a n d  Gol g i  memb r a n e s  a re 

removed and recycled, while l y s o s oma l en zymes , l y s o s oma l memb rane 

p r o t e i n s  a n d  ma c r omo l e c u l e s  f o r  de g r a da t i o n a r e d i r e c t e d  i n t o  

exi s t i ng s e c o ndary l y s o s omes ( Helenius  e t  a l  1 9 8 3 ,  D a rnell et a l  

1 9 8 6 ,  S t o rrie 1 9 8 8 ,  Kornfeld and Mellman 1 9 8 9 )  . 

The e v i dence in this st udy i s  that l ipofuscin granules a re active 

l y s o s omal o rgane l l e s  and a re the r e f o re l i kely t o  be s e rving s ome 

pu rpo s e ,  probably seve ral purpose s ,  in the cell . The s ame may be 

t rue o f  lipofuscin in other t i s s ue s ,  and other type s o f  s o -c a l led 

' re s i du a l  body ' . The mode l o f  the inert , de funct ' re s i dual body '  

lysosome (Ca r roll 1 9 8 9 )  is  i naccurate,  because i t  i s  now known that 

l y s o s o ma l e n z yme s a r e b e i n g c o n t i n u o u s l y re p l a c e d  w i t h  n e w l y  

synthes i zed en zymes ( Kornfeld and Mellman 1 9 8 9 ) . 

Many, although not all , lys osomal proteins are di rected t o  lysosomes 

by t h e  p r e s e n c e  o f  t he l y s o s oma l rec ogni t i o n  ma rke r manno s e - 6 -

pho sphate ( D a rne l l  e t  a l  1 9 8 6 ,  S t o rrie 1 9 8 8 ,  Ko rnfeld a nd Mel lman 

1 9 8 9 )  . A minority ( 5 - 1 0 % )  of  lysosomal proteins with this marker a re 

f i rst sec reted to  the pl a sma membrane and recaptured by endocytosis  

( Ko rn fe l d  and Me l lma n 1 9 8 9 )  Endocyt o sed t hy ro g l o bu l i n  i s  a l s o  

di rected t o  the lysos omal sys tem b y  the presence o f  the mannose-6-
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phosphate ma rker ( Herzog et al 1 9 8 7 )  . The lysosomes whi ch fuse with 

newly e ndocyt o sed colloid droplets have been desc ribed as  'primary 

lyso s ome s '  (van den Hove -Vandenbroucke 1 9 8 0 ) . However,  in literature 

on the t hyroid gland, the term 'primary lys osome ' is s omet ime s u sed 

to de s c r i be r e cy c l i ng s e c ondary l y s o s ome s a ft e r  t hy roglobu l i n  i s  

c a t a b o l i s ed ( va n  den Hove -Va ndenb roucke 1 9 8 0 ,  Selmi and Rou s s et 

1 9 8 8 )  . This use of  the term 'primary lysosome ' i s  very di fferent to  

that used by Ca rrell ( 1 9 8 9 )  for  a 'vi rgi n '  o rganelle . 

The h e t e rogeneity o f  lipo fu s c i n  i s  compat ible w i t h  i t s  l y s o s omal 

n a t u r e . There is st rong e v i dence that ma ny c e l l  t ype s c o n t a i n  

hete rogeneous s ubpopulations o f  lysosomes . Lys osomal heterogeneity 

in e n z yme a c t i vity has been demon s t ra t ed in a numbe r of s t udi e s , 

using t i s sue s f rom a variety of  expe riment al anima l s  ( Davies 1 9 7 5 ) , 

including rat hepatocytes ( Groh and von Maye rsbach 1 9 8 1 ,  Hult c rant z 

e t  a l  1 9 8 4 ) a n d  r a t  s p l e e n  c e l l s  ( B o w e r s  a nd de D u v e  1 9 6 7 ) . 

Thy r o i d  lys o s ome s do not a l l  cont a i n  the same range o f  l y s o somal 

en zyme s ,  as demons t rated by h i s t o c hemi c a l  s t udi e s  ( v an de n Hove­

Vandenbroucke 1 9 8 0 ) . Subpopulations of  lysosomes which vary i n  metal 

c o n t e n t  have a l s o  been i dent i f ied i n  rat liver ( Hult c ra nt z et al 

1 9 8 4 ) and spleen ( Houghton et al 1 9 7 1 ) . 

S ome l y s o s oma l h e t e r o g e n e i t y ,  p a r t i c u l a r l y  i n  de n s i t y ,  may be 

a t t ributable to  quant ity and nature of the substrate cont ained in the 

l y s o s omes . For example thyroglobul in-enri ched thyroid lysosomes have 

a l ower spec i f ic gravity than thyrogl obulin -depleted lysosomes from 

the s ame gland ( Selmi and Rousset 1 9 8 8 ) . Howeve r ,  it i s  a l s o  l i kely 

t h a t  c e l l s  ma n u f a c t u re di s t i n c t  s u bpop u l a t i o n s  of l y s o s ome s . 

Lys o s omal enzymes turn over individually with hal f - l ives ranging f rom 

l e s s  t h a n  a day t o  6 5  d a y s  ( S t o r r i e  1 9 8 8 )  The p r o du c t i o n  o f  

lysosomal enzyme s at the endopl asmi c ret iculum o r  Golgi apparatus may 

a l s o  p r o du c e  qu a l i t a t i v e  va r i a t i o n s  i n  t h e e n zyme c o n t e n t  o f  

lysosomes (Davies 1 9 7 5 ) . Rega rdless  of  whether the heterogeneity of  

l i p o f u s c i n  i s  d u e  t o  d i f f e r e n t  s t a g e s  of  c a t a b o l i s m or  t o  

manufactured di f ferences in subpopul ations of  cont ributing lysosome s ,  

i t  i s  still  evidence that these organelles are functional rather than 

inert . 



1 3 2  

Possib1e mechanisms for biogenesis o f  equine thyroid lipofuscin 

A propo s ed b i ogene s i s ,  and pos sible pathways by whi c h  t he various 

chemi c a l  spe c i e s  enter t he l ip o f u s c i n  granule , a re i l l u s t rated in 

Fig . 7 : 1 .  F o r  the sake of  simplicity the t radi t i onal model of  the 

' prima ry lys o s ome ' is used . At the top of the figure is  the normal 

l y s o s om a l  p a t h w a y  by w h i c h  t h y r o g l o b u l i n  i s  e n d o c y t o s e d  a n d  

cataboli sed, with release o f  the thyroid hormones .  I n  young horse s ,  

t h i s  c atabol i sm may be pa rt icularly effi cient due t o  a high metaboli c  

rate . Alternatively ,  it may b e  n o  more efficient than that in mature 

h o r se s ,  but accumulation o f  intermedi ates may occur at s uch a low 

l e v e l t h a t  t h e y  a r e n o t  o b s e r v e d . I n  n o rma l m a t u r e h o r s e s ,  

c a t a bo l i sm i s  s u f ficiently s l ow that intermedi a te s ,  rec o gni zed a s  

l i p o f u s c i n  granu l e s , a c cumu l at e  i n  pha goly s o s ome s ( de r ived f rom 

c o l l o i d d r o p l e t s ,  see F i g .  5 :  1 7 ) . T h e  w i de s p r e a d  p re s e n c e  o f  

l ipofuscin in  thyrocytes of  all horses o f  5 yea rs  and ove r indi cates 

t h a t  t h i s  is a phenomenon which occurs with maturat ion rather than 

w i t h  senes cence . Fusi on cont inue s between l ipofus cin granules and 

w i t h  colloid droplet s which al ready contain s ome lysosomal enzymes . 

T h e  p rote i n ,  i odine , and c a rbohydrate in  l ip o f u s c i n  a re probably 

de rived f rom the thyroglobul in in the colloid droplets . Endogenous 

l y s o s oma l g l y c o p r ot e i n s  a r e  a l t e r n a t i ve s o u rc e s  o f  p ro t e i n  and 

c a rbohydrate ( Sto rrie 1 9 8 8 )  . 

I f  l ipofuscin g ranul e s  a re an active part of  the lysosomal system, 

t he n  they a re l i kely to s e rve s ome pu rpo se in  t he thy rocyte . One 

p o s s ibi l i t y i s  that t h ey help to smo o t h  t he re l e a s e  o f  t hy r o i d  

ho rmones . F o r  example ,  they might exert some cont rol ove r the rate 

of recycl ing of iodide and tyrosine . This could help t o  explain the 

fact that although endogenous TSH is  released in bursts ( Hershman et 

a l  1 9 7 6 ,  Condl i f fe a n d  Weint raub 1 9 7 9 ) , when t h i s  i s  mimi c ked by 

experime n t a l  admini s t rat i on of a bolus of T S H ,  a steady state i s  

r e a c h e d  du r i n g  wh i c h t h e  r a t e  o f  t hy r o i d  h o rmone s e c ret i on i s  

constant (van den Hove -Vandenbroucke 1 9 8 0 ) . However ,  i f  this i s  the 

c a se t h en highly a c t ive f o l l i c l e s  should c o n t a i n  mo re l ipo f u s c i n  

granu l e s  than l e s s  a c t ive fol l i c l e s ,  and n o  s u c h  re l at i o n s hip w a s  

d i s cove red . A mo re l i kely possibi l i ty i s  that lipofuscin granules 



Figure 7 : 1 .  

P roposed pathways of 1ipofuscin biogenesis . 
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cont a i n  t he pept ide f ragment s which remain after the thyroid hormones 

a re r e l e a sed f rom t hy r o g l o b u l i n . I t  i s  known t h a t  t h e  t hy ro i d  

h o rm o n e s  a re p r e f e rent i a l ly re l e a s ed f rom thyrogl obulin ( van den 

Hove -Vandenbro ucke 1 9 8 0 ,  Tokuyama et al 1 9 8 7 ) , that c at ab o l i sm o f  

t hy r oglobul in begins rapidly but then becomes s l ower (van den Hove­

Vandenbroucke 1 9 8 0 ) , and that a substant i al port ion of  t he protein is 

not degraded to  f ree amino acids but only to pept ide f ragment s  (Peake 

et  a l  1 9 7 0 ,  van den Hove -Vandenbroucke 1 9 8 0 ,  Tokuyama et a l  1 9 8 7 ) . 

The a s s embly o f  an ent i re thy roglobulin mo lecule for the purpos e  of 

producing only two to four molecules of T4 seems to be an unusually 

i ne f f i c ient pat hway ( Tokuyama et al 1 9 8 7 ) It has  been s ugge sted 

that the peptide fragment s remaining after the release of  the thyroid 

h o rmones may have some role in internal control of thyroid function,  

or  pos s ibly a hormonal role following sec retion into the ci rculation 

( T o kuy ama e t  a l  1 9 8 7 ) Whet her o r  n o t  the s e  pep t i de s  have any 

phy s i o l ogi cal function in the thyroid gland, lipofuscin granules may 

s e rve a s  storage sites of the pept ides and/ or sites of the i r  eventual 

c a t abol i sm .  

Howeve r ,  i f  lipofuscin granules se rve some use ful purpose in thyroid 

met abolism, it is di fficult to expl ain why they are ra re or  absent in 

immature horses . It i s  pos s i ble that they only bec ome sufficiently 

l a rge and / o r  l ong-lived t o  detect when othe r mo lecules  f rom other 

s o u r c e s  a l s o  a c c umu l a t e  w i t h i n  t h em . The s e  mo l e c u l e s  may be 

c a t ab o l i s e d  more s l ow l y , o r  s t o red f o r  l o nge r pe ri ods , than t he 

products o f  thyroglobul i n  catabol ism.  

The p r o t e i n s  in t hy r o i d  l i p o f u s c i n  h a v e  n o t  been s h o w n  to be 

proteolyt i c  intermedi a t e s  of  thyrogl obul in . Howeve r ,  i f  the 1 4 - 1 8  

k D a  pro t e i n s  a re such inte rmedi at e s ,  then they may b e  relat ively 

re s i stant to  catabo l i sm because o f  the i r  proteolipid nature . This 

prope rty cannot be att ributed to their amino aicd compo sition,  and is 

mos t  likely to  be a consequence of  their tert i a ry st ructure . If they 

a re derived f rom thyroglobu l i n ,  then they may a dopt t h i s  t e rt i a ry 

s t ructure following the release of  the iodothyronines f rom the pa rent 

protein . 
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T h e  p r oteins and nuclei c a c i ds f rom thy rocytes exfoliated into the 

co l l o i d  may be endocyt o s e d  by surviving thyrocytes and e nt e r  t he 

l i p o f u s c i n g r an u l e s . C o l l o i d  w h i c h  i s  a l t e red i n  a n y  w a y , f o r  

example by t h e  l o s s  o f  wate r ,  may a l s o  enter the lipofuscin granule 

but p rove di f ficult to cataboli se . E rythrocytes from 

mi c r o h aemo r r h a ge s  i n t o  t he c o l l o i d  a re known t o  be e n do c y t o s e d  

( W o l l m a n  1 9 8 0 )  a n d  m a y  be t h e  s o u r c e  o f  t he h i gh i ro n  c on t e nt 

indi c ated by a positive reaction to Perl ' s  stain in  s ome l ipofuscin 

granule s . 

Endocytosis  cannot , however ,  a ccount for all the component s in  equine 

t h y r o i d  l i p o f u s c i n .  I t  i s  u n l i ke l y to  a c c o u nt f o r  t h e  neut r a l  

l ipids , of which at least dol i chol appears to b e  actively stored, or  

t he great dive rsity of meta ls . Furthermore, at least some proteins , 

nuclei c acids , and carbohydrates may be de rived f rom aut ophagy . I t  

i s  l i ke l y  t h a t  other types o f  s e c on da ry l y s o s ome , bes i de s  those 

f o rmed from coll oid dropl e t s , a l s o  fuse with lipo f u s c i n  granules . 

E x t e n s ive e x c h a nge o f  memb r a n e  p r o t e i n s  a n d  c o n t e n t s b e t w e e n  

l y s o s ome s i n  the same cell  has  been demonst rated ( Deng and Storrie 

1 9 8 8 ) . I n  the t hy r o cyt e ,  t he s e  may i n c lude s e c ondary l y s o s ome s 

containing products of autophagy ,  lysosomes which a re rich in met a l s ,  

and l y s o s ome s in whi ch ac cumulat i on of doli chol h a s  occurred (Fig . 

7 : 1 ) . Va riation in the proportion of the granule de rived f rom each 

t y p e  of s e c o n d a r y  l y s o s o m e  ( e . g .  c o l l o i d  d r o p l e t - d e r i v e d  

phagolys o s ome , meta l - rich ly sosome ) would give rise t o  t he chemical 

h e t e r o ge n e i t y f o u n d  b e t w e e n  g r a n u l e s i s o l a t e d  f r om t he s ame 

i ndividual ,  and in some cases  found in the same fol l i cle ( Fig . 5 : 5 , 

F i g . 5 : 9 ) . Howeve r ,  not a l l  sec onda ry l y s o s ome s nece s s a ri l y  fuse 

with lipofuscin granules . Their contents may be cataboli sed by other 

pathways ( Fig . 7 : 1 , dotted lines ) . 

O n g o i ng c a t abol i sm o r  removal o f  mo st o f  t he o rga n i c  molecule s , 

recycling of  meta l s ,  and p o s s ibly recy c l i ng of  do l i chol , may a l s o  

cont ribute to  the chemical heterogeneity i n  granules . The rates at 

whic h  va rious component s enter or di s appear f rom the granule may vary 

w i t h  t ime i ndepende n t l y  o f  e a c h  othe r ,  w i t h  t h e  r e s u l t  that t he 

r e l a t i v e  p r op o r t i o n s  o f  di f f e r e n t  c h emi c a l  s p e c i e s  w i t h i n  a 
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lipofuscin granule may vary greatly over time . The total quanti ty of 

l ip o f u s c i n in the g l a n d  may a l s o  v a ry over t ime , a l t h ough s ome 

granules are always present in adult gl ands . 

The absence o f  an age-rel ated inc rease in numbe r o f  granules i s  in 

c o n t r a s t  t o  p r ev i o u s  s t u d i e s  of t hy r o i d  l i p o f u s c i n . Howeve r ,  

a l t ho ugh both Mat suba ra e t  a l  ( 1 9 8 2 )  and Ohaki e t  al ( 1 9 8 6 )  concluded 

t ha t  t here i s  an age-related increase in lipofuscin in human thy roid, 

i n  fact the i r  results showed that in all age -brackets studied, some 

i n di v i dual s had mi nima l  l ip o f u s c i n  i n  t he i r  thyrocyt e s . I n  both 

s t u di e s  t h e  a p p a r e n t  depo s i t i o n of l i p o f u s c i n  w a s  s t ud i e d  by 

examin i ng H & E  sta ined s e ct ions and a s s igning one o f  five grades to  

e a c h  c a se . Grading o f  l ipofuscin depo s i t ion was a l s o  u s ed in the 

study o f  feline thyroids , a lthough the granules were stained with the 

AFI P  stain for lipofuscin ( Ives et al 1 9 7 5 ) . The oldest cats in the 

study were 8 years old, and no increase in lipofuscin depos i t i on was 

obse rved between 5 and 8 years ( Ives et al 1 9 7 5 ) . Cats usually l ive 

i n t o  thei r teens , so 8 ye ars  is a rguably only mid adult hood in the 

c a t . It  i s  pos s ib l e  t h a t  no age - re l a t e d i n c re a s e  i n  l ipofuscin 

qu a n t i ty occurs  in t h e  f e l i ne t hy r o i d  a f t e r  the age o f  5 years . 

Examinat ion o f  human and fel ine t i s s ue by the met hod u s ed in this 

s tu dy ,  u s i ng S chmorl ' s  stained sections , counting both granules and 

c e l l s  in a selection o f  f o l l i c l e s  and re l a t i ng one t o  the othe r ,  

rather than a s signing a grade , might produce s imi l a r  results to  those 

f ound i n  the ho rse . I t  wa s found in t h i s  study that H & E  s t a i ned 

s e c t i ons can be decept ive , be cause the intensity of  natural colour 

varies and granules can be obscured by the sta ining of  the cytoplasm.  

H o w e v e r  i t  is  p o s s i b l e  t h at a n  age - r e l a t e d  i n c re a s e  i n  t h y r o i d  

l ipofuscin occurs in s ome species other than the horse . I t  may be 

that most or all horses die or a re dest royed due to  failure of  other 

o rgans b e f o re the equine t h y r o i d  g l a nd b e c ome s s e n e s cent , while 

humans a re ma i n t a i n e d  f u r t h e r i n t o  s e n e s c e n c e . T h i s appe a r s  

impossible t o  prove o r  disprove . 

Avenues of further study 

The composition and hete rogene ity of equi ne thyroid l ipofuscin show 

that it is more complex in bi ogene sis and function than conventi onal 
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t he o r i e s  w o u l d  s u gge s t . F r om t h i s  g e n e r a l  h i s t o c hemi c a l  a n d  

analyt i cal s t udy , t h e  p r o t e i n s  a n d  ca rbohydrates seem to  o f f e r  the 

m o s t  p r omi s i ng avenue s f o r  e l u c i da t i n g t h e r o l e  o f  l i p o f u s c i n  

granu l e s  i n  t hyrocytes . 

Furt he r characterisation o f  the ca rbohydrate f ra ction i s  beyond the 

s c op e  o f  t h i s  i nt egra t e d  gene r a l  de s c r i pt i o n . The qua l i t a t ive 

analys i s  may be advanced by histochemistry using other lect i ns , but 

quant i t ative analysis of the c a rbohydrate without sepa ration f rom the 

other component s is not l i kely to be success ful . Puri fication of  the 

c a rbohydrate fract ion i s  frust rated by the fact that , o f  the chemical 

species pre sent , carbohydrate s  a re the most l i kely to  be dest royed by 

me t ho d s  u s e d  t o  sepa r a t e  t hem f rom the o t h e r  component s .  I t  i s  

pos s ible t hat nondest ructive sepa ration might be achieved by the use 

of exogenous lysosomal enzymes . 

Other approaches to protein sequencing may pe rmit ident i fication of  

the f our protein bands of  i ntere s t . The use of ant ibodies raised 

against these isolated proteins might also prove fruit ful . 

The s torage of  proteol ipids is  a feature of this l ipofuscin which i s  

sha red b y  the storage material i n  ovine ceroid-lipofuscinos i s ,  which 

is histochemically simi l a r  to lipofuscin and which stains with lipid 

s t a i n s  ( P a lme r et a l  1 9 8 9 , 1 9 9 0 , 1 9 9 1 ) T h e  p r e s e n c e  o f  t h e s e  

rel at i ve l y  hydrophobi c  proteins could be the reason why both these 

l i popigme n t s  s t a i n  w i t h  l i pid s t a i n s . The po s s i b l e  p re sence o f  

p r o t eolipids h a s  not been adequately explo red i n ,  or di sproved by , 

s tudies o f  othe r lipofuscins in norma l anima l s ,  and i s  another avenue 

f o r  further study . 

T h e  equ i ne t hy rocyte c o u l d  pr ove t o  be a s u i t able model for  t he 

experime nt a l  manipu l a t i on o f  l i pofuscin f o rma t i o n  i n  v i t ro . The 

endocrinology of  the thyroid gl and has been extens i vely studied, and 

me t hods a re a v a i l a b l e  f o r  t he in vit ro c u l t u re o f  thyrocytes i n  

t hy roid sl i ces and in reconstituted foll i c le s ,  and t he experimenta l  

manipu l a t i on a n d  mea su rement o f  the i r  a c t ivi t y . 

e i t he r  i n  v i v o  o r  i n  v i t r o , o f  radi o l a be l l e d 

T r a c e r  s t udie s ,  

a m i n o  a c i ds a n d  
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c omponents  o f  nuc l e i c  a c i ds , c o u l d  be empl oyed t o  e l u c i date t he 

routes by which the proteins and nuc leic ac ids enter equine thyroid 

l ipofus cin . T race r  studies with radi olabelled iodine may a l s o  help 

to det e rmine t he role of endocyt o sed material in the biogene s i s  of  

thyroid lipofuscin . 

A s  a model f o r  t he bi ogen e s i s  of  age pigment in vivo , t he equine 

thyroid gl and has the l imitati on that lipo fuscin does not accumulate 

p redi c t ably with age . H owever a t ime - c o u r s e  st udy o f  l ipofuscin 

accumulati on in individual horses is  not impos s ible in vivo , because 

thyroid t i s sue could be studied by the use of fine-needle aspi ration 

biopsy ,  a technique w ide ly used to  diagnose t he nature of thy roid 

nodules in humans . 

I t  i s  v e r y  unl i k e l y  t h a t  l i po f u s c i n  i n  o t h e r  t i s s ue c o n t a i n s  

preci sely the same chemi c a l  spe c i e s  a s  equine thy roid l ipofuscin . 

The c ompo s i t i on of  lipo fuscin probably va ries from t i s s ue t o  t i s sue 

dependi ng on the predomi n a nt s ub s t rates f o r  lysosoma l c at abo l i sm 

and/ or sto rage . Lipofuscin granules may be less act ive pa rt s  of  the 

l y s o s oma l s y s t em in o t h e r  t i s s u e s . Age - r e l a t e d i n c r e a s e s  i n  

l i p o fu s c i n have been repo rted i n  c e r e b r a l  n e u rone s a n d  c a rdi a c  

myocytes , bot h o f  whi ch are highly speciali zed cell type s which may 

not have the same capacity as thyrocytes t o  catabo l i s e  o r  pe rhaps 

exc rete l ipofuscin . 

Thi s study shows that extensive chemical ana lysis of  lipofuscin i s  by 

n o  mea n s  impos sible . Lipo f u s c i n s  i n  other t i s s u e s  may not be a s  

r e s i s t a n t  t o  c h e m i c a l  a n a l y s i s  a s  t h e  l i t e r a t u r e s u g ge s t s . 

C omp re h e n s i v e  c h emi c a l  a n a l y s i s  o f  o t h e r  l i p o f u s c i n s  mu s t  be 

a t t e mpt e d  if  t he i r  c omp o s i t i o n s  a n d  l i k e l y  o r i g i n s  a re to  b e  

determi ned . 
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