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ABSTRACT

Leydi g cel l s ar e t hought t o be t he sour ce of most , i f not al l , t he t est ost er one

pr oduced by t he t est i s . The goal of t hi s st udy was t o obt ai n quant i t at i ve i nf or -

mat i on about r at Leydi g cel l s and t hei r or ganel l es t hat mi ght be cor r el at ed wi t h

per t i nent physi ol ogi cal and bi ochemi cal dat a avai l abl e ei t her nowor i n t he f ut ur e .

Mor phomet r i c anal ysi s of Leydi g cel l s i n mat ur e nor mal r at s was car r i ed out on

t i ssue f i xed by per f usi on wi t h buf f er ed gl ut ar al dehyde, and embedded i n gl ycol

met hacr yl at e f or l i ght mi cr oscopy and i n Epon f or el ect r on mi cr oscopy .

I n a whol e t est i s, 82 . 4% of t he vol ume was occupi ed by semi ni f er ous t ubul es,

15 . 7% by t he i nt er st i t i al t i ssue, and 1. 9%by t he capsul e . Leydi g cel l s const i t ut ed

2. 7% of t est i cul ar vol ume . Each cubi c cent i met er ( - 1 g) of r at t est i s cont ai ned

about 22 mi l l i on Leydi g cel l s . An aver age Leydi g cel l had a vol ume of 1, 210 Am3

and i t s pl asma membr ane had a sur f ace ar ea of 1, 520 Am' .

The smoot h endopl asmi c r et i cul um ( SER) , t he most pr omi nent or ganel l e i n

Leydi g cel l s and a maj or si t e of st er oi dogeni c enzymes, had a sur f ace ar ea of

10, 500 ym2 / cel l , whi ch i s 6 . 9 t i mes t hat of t he pl asma membr ane and i s 60%of

t he t ot al membr ane ar ea of t he cel l . The t ot al sur f ace ar ea of Leydi g SER per

cubi c cent i met er of t est i s t i ssue i s 2, 300 cm' or 0. 23 mz . Ther e wer e 3 . 0 mg of

Leydi g mi t ochondr i a i n 1 g of t est i s t i ssue . The aver age Leydi g cel l cont ai ned
- 622 mi t ochondr i a, measur i ng on t he aver age 0. 35 Ami n di amet er and 2. 40 Am

i n l engt h. The mi t ochondr i al i nner membr ane ( i ncl udi ng cr i st ae) , anot her i mpor -

t ant si t e of st er oi dogeni c enzymes, had a sur f ace ar ea of 2, 920 Am' / cel l , whi ch i s

1 . 9 t i mes t hat of t he pl asma membr ane . Ther e wer e 644 cm' of i nner mi t ochondr i al

membr ane/ cm' of t est i s t i ssue .
These mor phomet r i c r esul t s can be cor r el at ed wi t h publ i shed dat a on t he r at e

of t est ost er one secr et i on t o show t hat an aver age Leydi g cel l secr et es - 0 . 44 pg of

t est ost er one/ d or 10, 600 mol ecul es of t est ost er one/ s . The r at e of t est ost er one

pr oduct i on by each squar e cent i met er of SERi s 4. 2 ng/ d or 101 mi l l i on mol ecul es/

s ; t he cor r espondi ng r at e f or each squar e cent i met er of mi t ochondr i al i nner

membr ane i s 15 ng t est ost er one/ d or 362 mi l l i on mol ecul es/ s .
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Test i cul ar Leydi g cel l s ar e t he pr i nci pal sour ce of

andr ogens i n t he mal e . The f i ne st r uct ur e of t hese

cel l s and t he l ocal i zat i on of st er oi dogeni c enzymes

wi t hi n t hei r cyt opl asm has been descr i bed i n r e-

vi ews ( 8, 9) . The most pr omi nent ul t r ast r uct ur al

f eat ur es exhi bi t ed by t hese cel l s ar e an abundant

smoot h endopl asmi c r et i cul um ( SER) and f ai r l y

numer ous mi t ochondr i a . Li pi d dr opl et s ar e com-

mon i n Leydi g cel l s of some speci es, al t hough not

i n t hose of adul t l abor at or y r at s . The bi osynt hesi s

of t est ost er one i s cat al yzed by enzymes l ocat ed

pr edomi nant l y on membr anes of t he SER and i n

adj acent cyt opl asm, al t hough a f ew st eps occur on

t he i nner mi t ochondr i al membr anes . The t ot al

Leydi g cel l popul at i on i n 1 g of r at t est i s pr oduces

6. 7 ng of t est ost er one/ mi n i n vi vo ( 14) . I f we coul d

det er mi ned t he number of Leydi g cel l s i n t hat

amount of t est i s, i t woul d be possi bl e t o cal cul at e

t he r at e of t est ost er one pr oduct i on per aver age

Leydi g cel l . Fur t her mor e, i f t he sur f ace ar ea of

i nt r acel l ul ar membr anes on whi ch st er oi dogeni c

enzymes occur coul d be measur ed, t hen t he aver -

age r at e of t est ost er one synt hesi s per uni t ar ea of

membr ane coul d be det er mi ned, f ur ni shi ng some

i nsi ght i nt o bi ochemi cal ef f i ci ency at t he mem-

br ane l evel . Ot her quant i t at i ve i nf or mat i on about

st r uct ur es wi t hi n t he cel l may al l ow f unct i onal

cor r el at i ons i n t he f ut ur e, as mor e det ai l ed bi o-

chemi cal i nf or mat i on becomes avai l abl e .

The use of quant i t at i ve met hods at t he l i ght and

el ect r on mi cr oscope l evel s has i ncr eased r emar k-

abl y over t he l ast f ew year s . These met hods ( 5, 12,

28) , col l ect i vel y cal l ed " mor phomet r y" or " st er -

eol ogy, " al l ow t he number , vol ume, sur f ace ar ea,

and l i neal ext ent of st r uct ur es i n t hr ee di mensi ons

t o be assessed f r om t he t wo- di mensi onal i mages of

l i ght and el ect r on mi cr oscopy . Sever al paper s have

appear ed on var i ous aspect s of t est i s mor phomet r y

( see Di scussi on) , but a br oad mor phomet r i c st udy

of nor mal Leydi g cel l s has not been avai l abl e .

I n anot her st udy f r omt hi s l abor at or y, Chr i st en-

sen and Peacock ( 10) have used mor phomet r y on

hi st ol ogi cal sect i ons at t he l i ght mi cr oscope l evel

t o f ol l ow changes i n t he number of Leydi g cel l s i n

adul t r at s under chr oni c t r eat ment wi t h human

chor i oni c gonadot r opi n ( hCG) . They f ound t hat

cont r ol t est es cont ai ned an aver age of - 18 . 6 mi l -

l i on Leydi g cel l s/ cm' 3 t i ssue . When t he r at e of

t est ost er one pr oduct i on by t est es i n vi vo ( 14) was

di vi ded by t hi s number , t he r esul t suggest ed t hat

an aver age i ndi vi dual Leydi g cel l secr et ed - 0 . 5 pg

of t est ost er one/ d, or 12, 500 mol ecul es/ s .

The pr esent st udy i ncl udes an i ndependent es-

t i mat e of Leydi g cel l number i n r at t est es pr epar ed

f or l i ght mi cr oscopy by a r ecent met hod t hat pr o-

vi des super i or pr eser vat i on ( 2) . I n addi t i on, mor -

phomet r i c anal ysi s i s al so car r i ed out at t he el ec-

t r on mi cr oscope l evel , al l owi ng quant i t at i ve i nf or -

mat i on about Leydi g cel l or ganel l es t o be cor r e-

l at ed wi t h dat a on t he r at e of t est ost er one synt he-

si s.

MATERI ALS AND METHODS

Ti ssue Pr epar at i on

Four adul t mal e r at s ( Spr ague- Dawl ey, f r om West Jer sey

Bi ol ogi cal Suppl y, Wenonah, N. J . ) , wei ghi ng 255, 265, 345, and

365 g, wer e used af t er bei ng mai nt ai ned ad l i b . on nor mal l ab

chow. 2d bef or e sacr i f i ce, ani mal s wer e i nj ect ed i nt r aper i t oneal l y

wi t h 3% t r ypan bl ue ( I ml / 100 g body wei ght ) t o l abel macr o-

phages i n t he i nt er st i t i al space, because t hese cel l s ar e numer ous

i n t he r at t est i s and mi ght be mi st aken f or Leydi g cel l s ( 8, 9) .

Even t hough t he t r ypan bl ue i s ext r act ed f r om t he cel l s dur i ng

l at er pr epar at i on f or l i ght or el ect r on mi cr oscopy, t he abundant

empt y l ysosomes gi ve t he macr ophages a di st i nct i ve pal e appear -

ance, al l owi ng t hemt o be di st i ngui shed easi l y f r omLeydi g cel l s .

Af t er an ani mal was pl aced under et her anest hesi a, bot h t est es

wer e f i xed by per f usi on ( 7) wi t h 3%gl ut ar al dehyde buf f er ed wi t h

0 . 1 Ms- col l i di ne, ( pH 7. 4, 438 mosmol ) f or 30- 60 mi n at r oom

t emper at ur e . Sever al ot her f i xat i ves wer e t r i ed, i n whi ch t he

concent r at i ons of gl ut ar al dehyde and s- col l i di ne wer e var i ed, or

ot her buf f er s wer e ut i l i zed, but t he above f i xat i ve gave t he best

mor phol ogy f or r at t est es at bot h l i ght and el ect r on mi cr oscope

l evel s . Af t er per f usi on t he t est es wer e cut i nt o t en sl i ces, per pen-

di cul ar t o t he l ong axi s of t he t est i s, and wer e washed i n buf f er

over ni ght or l onger . Al t er nat i ng sl i ces wer e ut i l i zed f or l i ght and

el ect r on mi cr oscopy, maki ng f i ve sl i ces f or each .

Sl i ces f or l i ght mi cr oscopy wer e dehydr at ed i n et hanol ( 20- 30

mi n each i n 50, 70, 80, 90, 95 and 100%) , and wer e embedded i n

gl ycol met hacr yl at e ( GMA) ( JB- 4 embeddi ng medi um, Pol ysci -

ences I nc . , War r i ngt on, Pa . ) , accor di ng t o t he met hod of Bennet t

et al . ( 2) . The sl i ces, or i ent ed t o pr ovi de f ul l t est i s cr oss sect i ons,

wer e sect i oned at a set t i ng of 2 l am wi t h a JB- 4 mi cr ot ome

( DuPont I nst r ument s- Sor val l , DuPont Co . , Newt on, Conn . ) and

dr y sect i oni ng on a gl ass kni f e ( 2) . Sect i ons wer e subj ect ed t o

doubl e st ai ni ng wi t h Wei ger t ' s i r on hemat oxyl i n ( 20) and wi t h

t ol ui di ne bl ue- basi c f uchsi n, modi f i ed f r om Lees met hyl ene

bl ue- basi c f uchsi n met hod descr i bed by Bennet t et al . ( 2) . Thi s

doubl e st ai ni ng al l ows t he Leydi g cel l s t o be easi l y r ecogni zed

and cl ear l y di st i ngui shed f r ommacr ophages.

The r emai ni ng f i ve sl i ces wer e cut i nt o smal l pi eces f or

el ect r on mi cr oscopy . Two t o f our pi eces f r om each sl i ce wer e

post f i xed wi t h unbuf f er ed 2%osmi umt et r oxi de and 1 . 5%f er r o-

cyani de ( 17) , dehydr at ed wi t h gr aded et hanol s, and embedded i n

Epon 812 . Thi n sect i ons of si l ver t o pal e gol d i nt er f er ence col or

wer e cut wi t h a Por t er - Bl um MT- 2B ul t r ami cr ot ome ( DuPont

I nst r ument s- Sor val l , DuPont Co . ) wi t h a di amond kni f e, and

wer e st ai ned f or 10- 20 mi n wi t h sat ur at ed or 2%aqueous ur anyl

acet at e and f or 5- 10 mi n wi t h l ead ci t r at e ( 25) . Mi cr ogr aphs wer e

t aken on a JEOL 10013 el ect r on mi cr oscope at 80 kV. Magni f i -
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cat i ons wer e det er mi ned by means of a car bon gr at i ng r epl i ca .

Al t hough bot h t est es wer e pr epar ed f r om each ani mal , onl y

one was used i n t he st udy, t he choi ce bei ng made af t er t he qual i t y

of pr eser vat i on was est abl i shed by pr el i mi nar y exami nat i on by

l i ght and el ect r on mi cr oscopy .

Mor phomet r i c Pr ocedur es

I n t hi s st udy we ut i l i zed cur r ent met hods and f or mul ae of

mor phomet r y or st er eol ogy, as descr i bed i n t he val uabl e r evi ews

of Wei bel and Bol ender ( 28) and of El i as et al . ( 12) , t o whi ch t he

r eader i s r ef er r ed f or backgr ound and der i vat i ons . Al l cal cul a-

t i ons wer e car r i ed out wi t h a Hewl et t - Packar d HP- 27 hand

cal cul at or ( Hewl et t - Packar d Co . , Pal o Al t o, Cal i f . ) .

LI GH I MI CROSCOPY :

	

Sect i ons f or l i ght mi cr oscopy wer e

vi ewed wi t h a Zei ss r esear ch mi cr oscope f i t t ed wi t h Neof l uor

obj ect i ve l enses . To est i mat e t he vol ume densi t y ( Vv) of semi ni f -

er ous t ubul es and i nt er st i t i al t i ssue, f i ve sect i ons per ani mal wer e

st udi ed wi t h a x 6 . 3 obj ect i ve and an eyepi ece gr i d cont ai ni ng a

squar e l at t i ce of 441 poi nt s, The number of hi t s on per t i nent

st r uct ur es over t he whol e sur f ace of each sect i on was count ed by

movi ng t he sect i on i n st eps back and f or t h acr oss t he gr i d, bei ng

car ef ul t hat st r uct ur es under one edge of t he gr i d wer e pl aced

j ust beyond t he ot her edge f or t he next st ep, t hus l eavi ng no ar ea

uncount ed . Vol ume densi t y was obt ai ned by di vi di ng t he sumof

t he poi nt s f al l i ng on each st r uct ur e by t he t ot al t est poi nt s l yi ng

over t he t i ssue. The vol ume of t he t est i cul ar capsul e was est i mat ed

by mul t i pl yi ng t he mean wi dt h of t he capsul e by t he t est i cul ar

sur f ace ar ea, as det er mi ned geomet r i cal l y f r om t he l ong and

shor t axes of t he t est i s .

Count s used t o det er mi ne t he vol ume and numer i cal densi t i es

of Leydi g cel l s wer e made wi t h a x 40 obj ect i ve l ens and t he

same eyepi ece gr i d . A t ot al of 300- 400 gr i d f i el ds wer e count ed

on each speci men, t he posi t i on of each f i el d bei ng det er mi ned

bl i ndl y by br i ngi ng t he st age t o successi ve uni t s of i t s cal i br at ed

scal e . The vol ume densi t y of t he cel l s was der i ved f r om t he

number of hi t s on ei t her t he nucl eus or cyt opl asm of Leydi g cel l s,

compar ed t o t he t ot al t est poi nt s l yi ng over t he t i ssue . A si mi l ar

appr oach was used t o measur e t he vol ume densi t y of Leydi g

nucl ei .

The numer i cal densi t y ( Nv) , or number of Leydi g cel l s per

uni t vol ume of t est i s, was cal cul at ed f r om count s of t he number

of Leydi g cel l nucl ei per uni t ar ea of sect i on ( NA) , f r om meas-

ur ement s of t he aver age nucl ear di amet er ( D) , and f r om t he

aver age t hi ckness of t he sect i ons ( T) , ut i l i zi ng t he Fl oder us

equat i on ( 13) :

Nv = NA/ ( T + D- 2h) ,

wher e h i s t he hei ght of t he smal l est r ecogni zabl e cap or gr azi ng

sect i on of t he nucl eus. The count s f or Nn wer e made at t he same

t i me as t he vol ume measur ement s descr i bed above, and consi st ed

of count i ng t he number of Leydi g cel l nucl ei i ncl uded wi t hi n t he

per i met er of t he successi ve gr i d f i el ds ( each wi t h a sur f ace ar ea

of 0. 1 mm̀ on t he sect i on) . Nucl ear pr of i l es over l appi ng t he

boundar y of t he f i el d wer e count ed i f t hey wer e on t he upper or

l ef t boundar y, but wer e i gnor ed on t he l ower and r i ght boundar y .

The mean di amet er of t he nucl eus D was obt ai ned by di r ect

measur ement s of i t s l ong and shor t axes, usi ng sect i ons 10 um

t hi ck ; nucl ei wer e count ed onl y i f t he opt i cal mi ddl e of t he

nucl eus, wher e t he di amet er was maxi mal , coul d be f ound at

some f ocal l evel wi t hi n t he t hi ckness of t he sect i on ( 10) . The

sect i ons used f or mor phomet r i c measur ement s wer e cut wi t h t he

mi cr ot ome set f or 2 , um sect i on t hi ckness. However , t he act ual

aver age t hi ckness, T, was measur ed by t he f ol d met hod of Smal l

34 2
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( 27) , and f ound t o be 1 . 76 pi n ± 0. 03 SEM. The hei ght , h, of t he

smal l est r ecogni zabl e cap sect i on was ar bi t r ar i l y est i mat ed t o be

one- t hi r d of t he sect i on t hi ckness, t hat i s, - - 10% of t he nucl ear

di amet er , al t hough i t mi ght have var i ed somewhat wi t h st ai ni ng

i nt ensi t y . The cal cul at i on of numer i cal densi t y by t he Fl oder us

equat i on i s onl y accur at e i n t he st r i ct est sense i f t he nucl ei ar e

spher i cal . Even t hough t he nucl ei obser ved by l i ght mi cr oscopy

i n t he pr esent st udy wer e commonl y somewhat el l i psoi dal i n

shape, t hei r axi al r at i o was not obser ved t o r each l evel s t hat

woul d pr oduce ser i ous er r or ( 15 ; al so see Fi g . 3 of r ef er ence 5) .

The vol ume of an aver age Leydi g cel l was der i ved by di vi di ng

t he vol ume densi t y by t he numer i cal densi t y .

ELECTRON MI CROSCOPY: Leydi g cel l s occur i n scat t er ed

gr oups and occupy onl y a smal l per cent age ( 2 . 7%) of t he sect i on

ar ea, maki ng i t i mpr act i cal t o sampl e r andom el ect r on mi cr o-

scope sect i ons syst emat i cal l y . The f ew Leydi g cel l s wer e of t en

behi nd gr i d bar s i n a par t i cul ar sect i on . Consequent l y, mi cr o-

gr aphs wer e t aken wher ever Leydi g cel l s coul d be f ound i n

sever al consecut i ve sect i ons mount ed on t he same gr i d, but car e

was t aken t o i nsur e t hat no par t i cul ar cel l was r epr esent ed i n

mor e t han one mi cr ogr aph t aken f r om t hese ser i al sect i ons at a

gi ven magni f i cat i on. Mi cr ogr aphs wer e t aken at bot h x 3, 600

and 24, 000, and t he hi gher power mi cr ogr aphs al ways came f r om

t he cent r al par t of an ar ea t hat had been t aken at l ower power

( whi ch coul d possi bl y have bi ased t he sampl i ng somewhat ) .

Mor phomet r i c anal ysi s was car r i ed out on 50 el ect r on mi cr o-

gr aphs of Leydi g cel l s at x 10, 800 ( f r om x 3, 600 negat i ves) , and

50 mor e at x 72, 000 ( f r om x 24, 000 negat i ves) f or each of t hr ee

ani mal s, and f or t he ot her ani mal ( No. 3 i n Tabl e 1) , 100

mi cr ogr aphs wer e anal yzed at each magni f i cat i on . These mi cr o-

gr aphs came f r om 10 di f f er ent t i ssue bl ocks f or each of t he t hr ee

ani mal s, and 20 t i ssue bl ocks f or t he r emai ni ng ani mal ( f i ve

mi cr ogr aphs per t i ssue bl ock) .

The l ower magni f i cat i on vi ews wer e used t o est i mat e vol ume

densi t y of or ganel l es, and al so t he sur f ace densi t y of Leydi g cel l

pl asma membr anes . The hi gher magni f i cat i on vi ews pr ovi ded

sur f ace densi t y measur ement s of or ganel l es, and al so an addi -

t i onal est i mat i on of or ganel l es vol ume densi t y, f or compar i son

wi t h t he val ues obt ai ned at l ower magni f i cat i on . The t echni que

was si mi l ar at bot h magni f i cat i ons . For vol ume densi t y, a t r ans-

par ent over l ay bear i ng a doubl e- l at t i ce gr i d ( Fi g. 5) was pl aced

on t he el ect r on mi cr ogr aph, and t he f r act i on of poi nt s occur r i ng

wi t hi n t he st r uct ur e of i nt er est was det er mi ned and t hen com-

par ed t o t he t ot al number of poi nt s l yi ng wi t hi n Leydi g cel l s. The

gr i d cont ai ned 432 t ot al t est poi nt s, of whi ch 108 coar se poi nt s

wer e def i ned by i nt er sect i ng dar k l i nes, maki ng a r at i o of 4 : 1 .

The coar se poi nt s wer e used on l ower power mi cr ogr aphs t o

measur e t he vol ume densi t y of mi t ochondr i a, whi l e t he f ul l

number of poi nt s wer e empl oyed f or ot her vol ume det er mi na-

t i ons . The r esul t s of t he above count s, gi vi ng or ganel l e vol ume

per Leydi g cel l vol ume, wer e t hen mul t i pl i ed by t he vol ume

densi t y of Leydi g cel l s t o yi el d t he f i nal vol ume densi t y of t he

or ganel l e ( whi ch i s t he or ganel l e vol ume per uni t vol ume of t est i s

t i ssue) .

For t he measur ement of sur f ace densi t y ( Sv) , a mul t i pur pose

gr i d ( i l l ust r at ed i n Fi g. 6) was used, cont ai ni ng 45 l i nes of known

l engt h, whose i nt er sect i ons wi t h per t i nent sur f ace cont our s on t he

mi cr ogr aph wer e r ecor ded . For conveni ence, t he equat i on used

t o cal cul at e t he sur f ace densi t y ( 28) was:

Sr = 41/ $- z,

wher e I i s t he number of i nt er sect i ons, P- , i s t he number of l i ne

end poi nt s t hat occur over Leydi g cel l s, and z i s t he aver age
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TABLE I

Basi c Dat a on Rat s St udi ed

* Based on dat a pr esent ed i n Mat er i al s and Met hods,

showi ng t hat t he r at t est i s i ncr eases i n vol ume on t he

aver age by a f act or of 1 . 201 ± 0 . 023 ( SE) ( n = 5) , af t er

per f usi on- f i xat i on ; t he speci f i c gr avi t y of f r esh and

f i xed t est es i s essent i al l y t he same ( 1 . 040 ± 0. 004 and

1 . 039 ± 0 . 007, r espect i vel y, n = 5) .

l engt h of i ndi vi dual l i nes i n t er ms of t he scal e of t he mi cr ogr aph .

Her e agai n, t he count s yi el d or ganel l e sur f ace ar ea per Leydi g

vol ume, and i t was necessar y t o mul t i pl y t hese r esul t s by t he

vol ume densi t y of Leydi g cel l s t o obt ai n t he sur f ace densi t y of

t he or ganel l e ( whi ch i s t he or ganel l e sur f ace ar ea per uni t vol ume

of t est i s t i ssue) .

The est i mat i on of numer i cal densi t y f or appr oxi mat el y spher -

i cal or ganel l es such as l ysosomes, per oxi somes, mul t i vesi cul ar

bodi es, and l i pi d dr opl et s was car r i ed out , usi ng t he equat i on :

Ni - = ( KI P) - ( NA" ' / Vv ' 1' ) ,

as descr i bed by Wei bel and Bol ender ( 28) . The shape f act or #

was det er mi ned f r om t he aver age axi al r at i o, usi ng t he gr aph on

page 250 of t hat r ef er ence. The coef f i ci ent K f or r el at i ve si ze

di st r i but i on was cal cul at ed f r om Eq . 11, page 642, of r ef er ence I .

El ect r on mi cr ogr aphs of 0. 5- l t m t hi ck sect i ons i ndi cat ed t hat

mi t ochondr i a of r at Leydi g cel l s wer e gener al l y cyl i ndr i cal i n

shape, wi t h t wo hemi spher i cal ends . I t was not possi bl e t o f i nd

t he mean l engt h of t he mi t ochondr i a by measur ement s on t hese

sect i ons, nor on convent i onal t hi n sect i ons, because one sees

most l y pr of i l es i n var i ous pl anes of sect i on . Assumi ng t hat most

mi t ochondr i a ar e cyl i nder s wi t h hemi spher i cal ends, t hen t he

mean vol ume V = gDL ( 3L + 2D) / 12, whi l e t he aver age sur f ace

ar ea woul d be S = 77D( L + D) , wher e L i s t he aver age l engt h of

t he mi t ochondr i on ( not count i ng t he hemi spher i cal ends) , and D

i s t he aver age di amet er . The di amet er Dcan be obt ai ned di r ect l y

by measur i ng t he mi nor axi s of pr of i l es on convent i onal el ect r on

mi cr ogr aphs, as t he shor t er axi s i s t he cor r ect di amet er r egar dl ess

of t he pl ane of sect i on ( t he onl y except i on woul d be dumbbel l -

shaped pr of i l es, ar i si ng f r om a sect i on t hr ough a bend i n t he

mi t ochondr i on) . The r at i o of V t o S i s t he same as t he r at i o of

vol ume densi t y Vt , t o sur f ace densi t y St . f or Leydi g mi t ochondr i a

i n t he t i ssue as a whol e, bot h of whi ch ar e known . Si nce V( S i s

t her ef or e known and D can be measur ed, t hen V/ S = D( 3L +

2D) / 12( L + D) can be sol ved f or L, and L + D equal s t he t ot al

l engt h of an aver age mi t ochondr i on . The val ues f or V and S can

t hen be f ound f r om t he or i gi nal equat i ons gi ven above. To f i nd

t he aver age number of mi t ochondr i a per cel l , t he t ot al mi t ochon-

dr i al vol ume per cel l i s t hen di vi ded by V t he vol ume of t he

aver age mi t ochondr i on . An appr oxi mat e numer i cal densi t y of

Leydi g mi t ochondr i a i s t hen det er mi ned by mul t i pl yi ng t he

aver age number of mi t ochondr i a per cel l by t he numer i cal

densi t y of Leydi g cel l s .

Syst emat i c Er r or s of Measur ement

Sever al f act or s whi ch mi ght af f ect t he pr i mar y dat a wer e

t aken i nt o account . Est i mat ed cor r ect i on f act or s ar e shown i n

Tabl es I I and 111 . Dat a t hr oughout t he paper have been cor r ect ed

by t hese f act or s .

FI XATI ON:

	

The ef f ect of f i xat i on on t he t est i s was assessed

( Tabl e I ) . Speci f i c gr avi t y of bot h f r esh and f i xed t est es was

det er mi ned by f l ot at i on of t he t est es i n sever al sucr ose sol ut i ons

of known concent r at i on . The vol ume was t hen obt ai ned by

di vi di ng wei ght by speci f i c gr avi t y . Test es f i xed by per f usi on wi t h

0 . 1 Mcol l i di ne- buf f er ed 3%gl ut ar al dehyde i ncr eased i n vol ume

by 20. 1 %, compar ed t o f r esh t i ssue . Thi s was shown by compar i ng

t he vol ume of t he f i xed l ef t t est i s wi t h t hat of t he unf i xed r i ght

t est i s, t aki ng i nt o account t hat t he nor mal l ef t t est i s i s smal l er

t han t he r i ght by a f act or of 0 . 984 i n adul t ani mal s ( aver age of

wei ght measur ement s on f our ani mal s) . The vol ume i ncr ease

seen dur i ng f i xat i on r esul t ed f r om per f usi on pr essur e, and pr e-

sumabl y i nvol ved t he expansi on of bl ood vessel s and l ymphat i c

spaces, whi ch ar e t he most l i kel y expandabl e compar t ment s .

DEHYDRATI ON AND EMBEDDI NG:

	

Ti ssue vol ume wases-

t i mat ed by measur i ng t he di mensi ons bef or e dehydr at i on and

af t er pol ymer i zat i on of t he embeddi ng medi umon bot h l i ght and

el ect r on mi cr oscope bl ocks ( Tabl e I I ) . Ti ssue i n bl ocks f or l i ght

mi cr oscopy had t hei r vol ume r educed by 22 . 2%, whi l e t hose f or

el ect r on mi cr oscopy wer e r educed by 11 . 4%. Osmi cat i on seemed

t o l essen t he degr ee of shr i nkage caused by dehydr at i on . Because

bot h l i ght and el ect r on mi cr ogr aphs showed no appr eci abl e

wi deni ng of t he i nt er st i t i al space, some of t he f l ui d whi ch had

f i l l ed t he di l at ed l umens of bl ood vessel s and expanded i nt er st i t i al

TABLE I I

Cor r ect i on Fact or s f or Sampl e Pr epar at i on

* Vol ume i ncr eased by 20. 1%af t er per f usi on- f i xat i on .

$ Ar ea i ncr eased by 9 . 6% af t er sect i oni ng ( 1 . 201 1' ' x

0. 778 21 : 1 X 1 . 147 = 1 . 096) .

§ Cor r ect i on f act or s wer e appl i ed onl y t o sur f ace densi t y

and di amet er of st r uct ur es .

MORI AND CHRI STENSEN

	

Mor phomet r y of Leydi g Cel l s 343

Ani mal No.

Body

Wei ght

g

Test i s wei ght

af t er per f u-

si on

g

Est i mat ed i n

Wei ght

g

f r esh t est i s'

Vol ume

cm"

1 365 2 . 024 1 . 69 1 . 63

2 255 1 . 652 1 . 38 1 . 32

3 265 1, 836 1 . 53 1 . 47

4 345 2 . 167 1 . 81 1 . 74

Mean 307 . 5 1 . 920 1 . 60 1 . 54

±SE ±27 . 8 ±0 . 112 ±0 . 094 ±0 . 092

Vol ume Ar ea Lengt h

Gl ycol met hacr y-

l at e

Fi xat i on X 1 . 201

Dehydr at i on x0. 778

Sect i oni ng x 1 . 000 x 1 . 147$ x 1 . 071

Cor r ect i on f ac- 0 . 955§

t or

Epon

Fi xat i on x 1 . 201

Dehydr at i on x0 . 886

Sect i oni ng x 1 . 000 x0. 893 X0. 945

Pr i nt i ng - x 1 . 022 x 1 . 011

Cor r ect i on f ac- 1 . 026§

t or
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TABLE I I I

Cor r ect i on Fact or s f i r Sect i on Thi ckness

Cor r ect i on f act or s f or sect i on t hi ckness, cal cul at ed accor di ng t o Wei bel and Paumgar t ner ( 29) f r om t he shape f act or s

i ndi cat ed ( t hose avai l abl e i n t he t ext ar e not l i st ed) . The sect i on t hi ckness Twas 51 nm f or al l cal cul at i ons except

nucl ear vol ume, wher e T = 1 . 76 l t m.

l ymph spaces af t er per f usi on f i xat i on must have l ef t t he t i ssue i n

t he pr ocess of di ci ng and dehydr at i on .

SECTI ONI NG: When sect i ons f r om bl ocks embedded i n

GMAwer e f l oat ed on wat er , t hei r wi dt h i ncr eased by 9 . 4%, whi l e

t hei r l engt h i ncr eased by 4. 8% ( t he l at t er f i gur e bei ng smal l er

because of compr essi on) . Then, t he ar ea of sect i on i ncr eased by

14 . 7%: . On t he ot her hand, sect i ons f r om Epon- embedded bl ocks

showed a r educt i on of l engt h by 10 . 7%, whi l e t he wi dt h r emai ned

unchanged, t he sect i on ar ea bei ng r educed by 10 . 7%.

Because t he spr eadi ng or compr essi on of sect i on i n sect i oni ng

shoul d cause a decr ease or an i ncr ease of sect i on t hi ckness, t he

exact t hi ckness of bot h l i ght and el ect r on mi cr oscope sect i ons

was det er mi ned by t he f ol d met hod of Smal l ( 27) . The aver age

t hi ckness of l i ght and el ect r on mi cr oscope sect i ons was f ound t o

be 1 . 76 l t m ± 0. 03 SEMand 51 nm ± 0. 52 SEM, r espect i vel y .

OPI I C . A L DI S10RT10N:

	

Thel i ght mi cr oscope, el ect r on mi -

cr oscope, and enl ar ger f or pr i nt i ng pr esumabl y have some opt i cal

di st or t i on, as suggest ed f or t he el ect r on mi cr oscope by Loud et

al . ( 21) . However , such di st or t i ons on t he equi pment used i n t he

pr esent st udy ( Zei ss l i ght mi cr oscope, JEOL I OOB EM, and Dur st

S- 45 EMenl ar ger ) ar e pr obabl y of smal l enough magni t ude t o be

negl i gi bl e .

PRI N I I NG PAPER:

	

Pr i nt i ng paper s i ncr eased i n ar ea by

2 . 2° í o af t er dr yi ng .

EFFECT OF SECTI ON THI CKNESS:

	

The basi c equat i ons of

st er eol ogy ut i l i zed i n t hi s st udy ar e st r i ct l y accur at e onl y f or

sect i ons t hat ar e i nf i ni t el y t hi n . Because our el ect r on mi cr oscope

sect i ons have f i ni t e t hi ckness, t he vol umes and sur f ace ar eas

measur ed on t hem t end t o be over est i mat ed . I n a r ecent paper ,

Wei bel and Paumgar t ner ( 29) di scuss t hi s pr obl em and pr ovi de

met hods f or der i vi ng appr opr i at e cor r ect i on f act or s, dependi ng

on t he si ze and shape of t he st r uct ur es bei ng measur ed and t he

t hi ckness of t he sect i ons . We have ut i l i zed t hei r appr oach t o

devel op cor r ect i on f act or s ( Tabl e I I I ) f or bot h vol ume and sur f ace
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densi t i es of or ganel l es i n our el ect r on mi cr oscope pr epar at i ons,

and f or vol ume densi t y of nucl ei i n our l i ght mi cr oscope pr epa-

r at i ons . The dat a i n Tabl e I V and el sewher e i n t he t ext have

under gone t hese cor r ect i ons .

SI ZE AND LOCATI ON OF SAMPLE:

	

The same count s wer e

of t en made on or ganel l es i n bot h l ow- and hi gh- magni f i cat i on

el ect r on mi cr ogr aphs . The f i nal dat a f or vol ume densi t i es gen-

er al l y wer e t aken f r om count s at l ower magni f i cat i on, because

t he sampl i ng pr obl ems i ncr ease consi der abl y at hi gher magni f i -

cat i on f or or ganel l es t hat ar e not especi al l y numer ous, such as

l ysosomes, per oxi somes, mul t i vesi cul ar bodi es and l i pi d dr opl et s .

For t hese st r uct ur es, t he sur f ace densi t y measur ement s ( whi ch

wer e done onl y at hi gher magni f i cat i on) wer e assumed t o be

af f ect ed by t he same sampl i ng pr obl ems . These sur f ace count s

wer e cor r ect ed by a f act or equal t o t he r at i o of t he vol ume densi t y

of t he st r uct ur e count ed at l ower magni f i cat i on t o t he vol ume

densi t y at hi gher magni f i cat i on .

RESULTS

The qual i t y of pr eser vat i on obt ai ned i n t hi s per -

f usi on- f i xed mat er i al makes i t f avor abl e f or mor -

phomet r i c st udy . At t he l i ght mi cr oscope l evel

( Fi gs . 1 and 2) , t i ssue r el at i onshi ps ar e wel l mai n-

t ai ned, and t her e i s l i t t l e ar t i f act ual expansi on of

t he i nt er st i t i al t i ssue . I n el ect r on mi cr ogr aphs

( Fi gs . 3 and 4) t he st r uct ur e and r el at i onshi ps of

or ganel l es ar e wel l pr eser ved and t he membr anes

st and out cl ear l y, f aci l i t at i ng mor phomet r i c anal -

ysi s . Fi gs . 5 and 6 i l l ust r at e t he t wo t ypes of

over l ays used f or t he EM count s .

A det ai l ed pr esent at i on of t he mor phomet r i c

Or ganel l es Model . shape f act or s

Cor r ect i on f act or s ( K, )

f or vol ume densi t y

Cor r ect i on f act or s ( K. )

f or sur f ace densi t y

Nucl eus Spher e, vol ume densi t y : g = 0. 28, p = 0. 3, 0 . 709 0. 991

sur f ace densi t y : g = 0. 008, p = 0. 15

Mi t ochondr i a Tubul e, d = 350 r i m, L = 2400 r i m, A = 6. 9, g 0. 957

= 0. 15

Out er and i nner ( same as above) 0. 972

membr anes ( ex-

cl udi ng cr i st ae)

Cr i st ae Tubul e, d = 28 nm, L = 290 nm, a = 10 . 4, g = 0. 479

1 . 82

Per oxi somes Spher e, g = 0. 115, p = 0. 3 0. 855 0. 881

Lysosomes Spher e, g = 0. 098, p = 0. 3 0. 874 0. 898

Mul t i vesi cul ar bodi es Spher e, g = 0. 103, p = 0. 3 0. 869 0. 893

Li pi d dr opl et s Spher e, g = 0. 053, p = 0. 3 0. 929 0. 947

SER Tubul e, d = 64 Tur n, L = 346 r i m, A = 5 . 4, g = 0. 549 0. 628

0. 80

RER Di sk, d = 46 Tur n, D= 580 Tur n, S = 12 . 6, g = 0. 636 0. 923

1 . 11
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FI GURE 1

	

Li ght mi cr ogr aph of r at t est i s f i xed by per f usi on and embedded i n gl ycol met hacr yl at e . The

i nt er st i t i al space, l yi ng bet ween semi ni f er ous t ubul es ( S7) , i s wel l mai nt ai ned, wi t hout obvi ous ar t i f act ual

expansi on. Bl ood vessel s ( B V) ar e empt y and somewhat swol l en, as a r esul t of t he per f usi on . Bar , 100 j i m.

X 84 .

FI GURE 2

	

I nt er st i t i al t i ssue f r om t he same sect i on as Fi g. I . Leydi g cel l s ( L) ar e easi l y di st i ngui shed by

t hei r char act er i st i c nucl eus and dar k r ed cyt opl asm. The cyt opl asm of macr ophages ( M) appear s pal e,

because t he t r ypan bl ue t hey had cont ai ned was ext r act ed dur i ng t i ssue pr epar at i on f or mi cr oscopy .

Capi l l ar i es ( BV) ar e al so appar ent . Bar , 10 j i m. x 920 .
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r esul t s i s gi ven i n Tabl e I V, and a gr aphi c sum-

mar y of vol ume per cent ages i s pr ovi ded i n Fi g . 7 .

The f ol l owi ng descr i pt i on wi l l ci t e onl y t he mor e

i mpor t ant of t hese r esul t s .

I n t he f r esh st at e, t he t est es used i n t hi s st udy

wei ghed an aver age of 1 . 60 g and had an aver age

vol ume of 1 . 54 cm3 ( Tabl e 1) . As t he mean speci f i c

gr avi t y f or nor mal f r esh t est i s i s 1 . 040, 1 cm3 of

nor mal f r esh t est i s wei ghs 1 . 040 g, and 1 g i s

equi val ent t o 0. 962 cm' . These conver si ons ar e

essent i al l y t he same i n f i xed t i ssue, wher e t he

speci f i c gr avi t y i s 1 . 039 .

I n a whol e t est i s, i ncl udi ng capsul e ( t uni ca al -

bugi nea) , 82 . 43% of t he vol ume i s occupi ed by

semi ni f er ous t ubul es, 15 . 64% 1) y t he i nt er st i t i al

t i ssue, and 1 . 93% by t he capsul e . When decapsu-

l at ed, t he t est i s t i ssue consi st s of 84 . 0% semi ni f er -

ous t ubul es and 16 . 0%i nt er st i t i al t i ssue, whi l e t he

Leydi g cel l s make up 2. 8% of t he t ot al vol ume .

Thi s l at t er val ue may be somewhat l ow, as gl ut ar -

al dehyde f i xat i on causes a sl i ght shr i nkage of t he

cel l s .

Ther e ar e 22 . 04 mi l l i on Leydi g cel l s/ cm' of

t est i s t i ssue, whi ch means t hat a 1 . 60- g t est i s ( av-

er age i n t he pr esent st udy) cont ai ns 34 mi l l i on,

and an aver age 300- g r at woul d have - 70 mi l l i on

Leydi g cel l s i n bot h t est es . An aver age Leydi g cel l

has a vol ume of 1, 209 pi ns
and a sur f ace ar ea of

1, 517 pmt . Agai n, t he vol ume may be l owbecause

of sl i ght gl ut ar al dehyde- i nduced cel l shr i nkage . I f

a Leydi g cel l of t hat vol ume wer e spher i cal , i t

woul d be 13 . 2 pi n i n di amet er and woul d have a

sur f ace ar ea of 549 pmt . However , t he act ual sur -

f ace ar ea i s 2. 8 t i mes t hat amount , whi ch r ef l ect s

t he i r r egul ar shape and ext ensi ve sur f ace pr ocesses

of t hese cel l s .

Nucl ei of Leydi g cel l s occupy 0. 33%of t est i cul ar

vol ume . I n an aver age Leydi g cel l , t he nucl eus has

a vol ume of 150 pm
3

, whi ch i s 12 . 4% of cel l ul ar

vol ume . The nucl eus i s appr oxi mat el y el l i psoi dal ,

346

wi t h an aver age axi al r at i o of 1 . 37 and a mean

di amet er of 6. 34 Am. The sur f ace ar ea of an aver -

age nucl eus i s 149 pm
t

.

The SER i s t he most abundant or ganel l e, oc-

cupyi ng a vol ume of 138
pm3

i n t he cyt opl asm of

an aver age cel l , and t hus compr i si ng 13 . 0% of

cyt opl asmi c vol ume or 11 . 4%of cel l vol ume . These

vol umes wer e measur ement s of t he or ganel l e i t sel f

( membr ane pl us cont ent s) , and do not r ef er mer el y

t o r egi ons of t he cel l i n whi ch SERpr edomi nat es .

The SER of Leydi g cel l s const i t ut es ^- 0 . 3% of

t est i cul ar vol ume . The membr ane sur f ace ar ea of

t he SERi s vast . Ther e ar e 2, 305 cm2 or 0. 23 m2 of

SERmembr anes i n each cm3 ( ver y near l y 1 g) ' of

t est i s t i ssue . The i ndi vi dual Leydi g cel l cont ai ns

an aver age of 10, 458 pm
t

, equi val ent t o a squar e

t hat i s 0. 10 mmon a si de . The SER of a Leydi g

cel l t her ef or e has about 6. 9 t i mes as much mem-

br ane sur f ace ar ea as i s pr esent i n t he pl asma

membr ane, and const i t ut es - 60% of t he mem-

br ane sur f ace ar ea f ound t hr oughout t he whol e

cel l .

I n t hi s st udy, t he Gol gi compl ex i s i ncl uded

' I t i s cust omar y i n mor phomet r y t o expr ess vol umes i n

t er ms of " cm3 .zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA�
However , f or bi ochemi cal appl i cat i ons

of mor phomet r i c dat a i t i s gener al l y mor e usef ul t o have

vol ume i nf or mat i on i n t er ms of " gr ams . " The t wo val ues

" cm' " and " gr am" ar e appr oxi mat el y i nt er changeabl e,

because t he speci f i c gr avi t y of f r esh t est i s t i ssue f r omr at s

i s near uni t y ( 1 . 040 t 0 . 004 SEM) . When one i s deal i ng

wi t h vol ume densi t i es ( vol ume of a st r uct ur e per uni t

vol ume of t i ssue) , t he val ues f or
" cm3

/ cm' " and " g/ g"

ar e i dent i cal , as t he speci f i c gr avi t y f act or s cancel out .

Wher ever desi r abl e, t her ef or e, i t i s possi bl e t o expr ess

t he vol ume densi t i es di r ect l y i n t er ms of gr ams . As an

exampl e, f r om Tabl e I V t her e woul d be - - - 3 . 3 mg of
Leydi g cel l nucl ei i n 1 g of r at t est i s, on t he aver age .

Sur f ace and numer i cal densi t i es can be conver t ed t o a

per gr am basi s by di vi di ng t he cm' val ue by 1 . 040. For

most pr act i cal pur poses t hese f i gur es ar e cl ose enough so

conver si on i s unnecessar y .

FI GURE 3 Low power el ect r on mi cr ogr aph of Leydi g cel l s f r om a per f usi on- f i xed t est i s . St r uct ur al

f eat ur es ar e wel l mai nt ai ned . The smal l cel l at upper r i ght i s pr obabl y a f i br obl ast . The t i ssue was pr epar ed

as descr i bed i n Mat er i al s and Met hods, except t hat i t was post f i xed wi t h phosphat e- buf f er ed Os0, , and

t he mat er i al was bl ock- st ai ned wi t h aqueous ur anyl acet at e . Bar , l pi n . x 8, 200 .

FI GURE 4

	

Cyt opl asm of t wo Leydi g cel l s, showi ng smoot h endopl asmi c r et i cul um ( SER) , r ough endo-

pl asmi c r et i cul um ( RER) , mi t ochondr i a ( Mi t ) , per oxi somes ( Per ) , and l ysosomes ( Lys) . A nucl eus i s at

l ower l ef t . Thi s mat er i al was post f i xed i n OsO, - f er r ocyani de, as descr i bed i n Mat er i al s and Met hods, and

i s t ypi cal of mi cr ogr aphs used f or count i ng . Thi s post f i xat i on i s advant ageous f or mor phomet r y, as i t

causes membr anes t o st and out cl ear l y, decr eases t he densi t y of t he mi t ochondr i al mat r i x, and per mi t s

easy di f f er ent i at i on bet ween t he pal e- st ai ni ng per oxi somes and densel y st ai ni ng l ysosomes . However ,

r i bosomes st ai n poor l y, maki ng i t mor e di f f i cul t t o di st i ngui sh t he spar se RERof t hese cel l s. Bar , I pi n .

x 19, 400 .
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FI GURE 5

	

Doubl e- l at t i ce gr i d pl aced over mi cr ogr aph of Leydi g cel l s . Thi s over l ay was used f or vol ume

densi t y measur ement s . The i nt er sect i ons of l i nes const i t ut e count i ng poi nt s, of whi ch t her e ar e a t ot al of

432 . I ncl uded i n t hi s number ar e 108 " coar se" poi nt s, def i ned by t he i nt er sect i ons of dense l i nes . x 5, 900 .

FI GURE 6

	

Mul t i pur pose gr i d super i mposed on a r egi on of Leydi g cel l cyt opl asm. The gr i d cont ai ns 45

t est l i nes and 90 end poi nt s . Thi s over l ay was used f or obt ai ni ng sur f ace densi t i es as wel l as vol ume

densi t i es of or ganel l es, x 38, 500.
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TABLE I V

Nor mal Val ues of Mor phomei r i c Par amet er s f or Rat Test i s and Leydi g Cel l s

Di mensi ons of t he par amet er s : ( Not e : I t i s possi bl e t o subst i t ut e " gr am" appr oxi mat el y f or " cm' " ' t hr oughout t hese

par amet er s, as t he speci f i c gr avi t y of t est i s t i ssue [ =1. 0401 i s near uni t y . )

Number ( N) : No . / cm' ' , No . / t est i s, and No . / cel l , r espect i vel y .

Vol ume ( V) : cm' / cm' ' , cm' ' / t est i s, and pm' ' / cel l , r espect i vel y .

Sur f ace ar ea ( S) : cm2 / cm' , cm' / t est i s, and pmt / cel l , r espect i vel y .

* Aver age val ues f r om f our ani mal s, cor r ect ed as descr i bed i n t he t ext .

$ Obt ai ned by mul t i pl yi ng t he val ue per cm' t i ssue by 1 . 54, t he mean vol ume of f our t est es f r om t he ani mal s st udi ed .

§ Obt ai ned by di vi di ng t he val ue per cm' ' t i ssue by t he Leydi g cel l number per cm: ' t i ssue .

~~ Al so i ncl uded i n t he sur f ace densi t y of t he RER.

Regi ons of cyt opl asm cont ai ni ng Gol gi st acks .

wi t h t he SER f or count i ng pur poses, as Gol gi

membr anes ar e not abundant and ar e of t en di f f i -

cul t t o di st i ngui sh f r om t he SER i n obl i que sec-

t i ons. Al so, t he i dent i t y of membr anes l ocat ed at

t he per i pher y of Gol gi st acks was not al ways cer -

t ai n . However , a separ at e count shows t hat ar eas

of t he cyt opl asm i n whi ch Gol gi st acks occur

const i t ut ezyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 1 . 6%of t he cyt opl asmi c vol ume .
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Component

Par ame-

t er Mean val ue/ cm' t i ssue SEM

SE as 1,

of mean Per aver age t est i s$

Per aver age

Leydi g cel l §

Capsul e V 0. 0193 0. 0028 14 0. 0297

Semi ni f er ous t ubul es V 0. 8243 0. 0009 0. 1 1 . 2694

I nt er st i t i al t i ssue V 0. 1564 0. 0030 2 0. 2409

Leydi g cel l s N 22. 04 x 10' 1 . 03 x 10" 4 . 7 33 . 94 x 10' ' 1

V 0. 02665 0. 00126 5 0. 04104 1, 209

S 334. 4 12 . 8 4 515. 0 1, 517

Nucl ei V 0. 00330 0. 00018 5 0. 00508 150

Sol 32. 75 1 . 06 3 50 . 44 149

Cyt opl asm V 0. 02335 0. 00119 5 0. 03596 1, 059

Endopl asmi c r et i cul um V 0. 00324 0. 00025 8 0. 00499 147

S 2, 424 178 7 3, 733 10, 998

Smoot h ( i ncl udes V 0. 00305 0. 00025 8 0. 00470 138

Gol gi ) S 2305 177 8 3550 10, 458

Rough V 0. 00019 0. 000007 4 0. 00029 9

S 118. 8 6 . 66 6 183. 0 539

Mi t ochondr i a N 13 . 71 x 10' 0. 89 x 10' 6 21 . 11 x 10' 622

V 0. 00301 0. 00010 3 0. 00464 137

Out er membr ane S 361 . 6 28 . 1 8 556. 9 1, 641

I nner membr ane ( i n- S 643. 6 25 . 1 4 991 . 1 2, 920

cl udi ng cr i st ae)

Per oxi somes N 6. 87 x 10' 0. 55 x 10" ' 8 10 . 58 x 10' 312

V 0. 00033 0. 00005 15 0. 00051 15

S 43 . 09 5 . 78 13 66 . 36 196

Lysosomes N 2. 86 x 10' 0. 36 X 109 13 4. 40 x 10' 130

V 0. 00015 0. 000003 2 0. 00023 7

S 19 . 31 0. 73 4 29 . 74 88

Mul t i vesi cul ar bodi es N 1 . 45 x 10' 0. 18 x 10' 12 2. 23 x 10' 66

V 0. 00007 0. 000004 6 0. 00011 3

S 9. 45 0. 79 8 14 . 55 43

Li pi d dr opl et s N 8. 3 x 107 2. 2 x 107 26 12. 8 x 10 7 4

V 0. 00006 0. 00002 33 0. 00009 3

S 3. 58 0. 96 27 5. 51 16

Cyt opl asmi c gr ound V 0. 01649 0. 00086 5 0. 02539 748

subst ance

Gol gi ar eaT V 0. 00038 0. 00003 9 0. 000585 17
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FI GURE 7

	

Vol umet r i c composi t i on of t est i s t i ssue and of Leydi g cel l s .

The RERi s di st i ngui shed pr i mar i l y by t he char -

act er i st i c ar r angement of i t s membr anes i n f l at -

t ened ci st er nae t hat ar e mor e wi del y separ at ed

f r om one anot her t han t hose of Gol gi st acks . As

t he t i ssue i n our pr epar at i on has been post f i xed

wi t h OsO, - f er r ocyani de, t he r i bosomes ar e vi r -

t ual l y unst ai ned, and t her ef or e cannot be used as

a cr i t er i on i n i dent i f yi ng t he RER. As a r esul t ,

some RER may have passed undet ect ed, and t hi s

or ganel l e i s t hus pr obabl y under est i mat ed i n t he

pr esent st udy . At best , i t i s poor l y devel oped i n

st er oi d- secr et i ng cel l s . I n Tabl e I V, t he vol ume

densi t y of t he per i nucl ear ci st er na has been i n-

cl uded wi t h t hat of t he RER, and t he sur f ace

densi t y of t he ext er nal , r i bosome- st udded mem-

br ane of t he nucl eus has been count ed as par t of

t he RER. The vol ume occupi ed by RER ( mem-

br ane pl us l umen) i n a Leydi g cel l i s 8 , um" , whi ch

i s 0. 8% of cyt opl asmi c vol ume . The sur f ace ar ea

350
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of RERmembr anes i s 119 cmz / cm' of t i ssue, and

t he sur f ace r at i o of SERt o RERi s t hus about 19 .

The mi t ochondr i a i n r at Leydi g cel l s ar e not so

l ar ge or so compl ex i n i nt er nal st r uct ur e as t hose

seen i n Leydi g cel l s of some ot her speci es, or as

t hose i n some ot her st er oi d- secr et i ng t i ssues ( see

r ef er ences 8 and 9 f or r evi ews) . I n r at Leydi g cel l s,

t he aver age mi t ochondr i on was 0. 35 pmi n di am-

et er and 2. 4 pm l ong, t he r at i o of l engt h t o di am-

et er t hus bei ng 6. 9 . The aver age Leydi g cel l con-

t ai ned - 622 mi t ochondr i a, occupyi ng a vol ume of

137 pm3, whi ch i s 12 . 9%of t he cyt opl asmor 11 . 3%

of cel l vol ume . The mi t ochondr i a of Leydi g cel l s

made up 0. 3%of t est i s vol ume, whi ch means t hat

1 g of t est i s woul d cont ai n - 3 . 0 mg of Leydi g

mi t ochondr i a . The sur f ace ar ea of t he out er mi -

t ochondr i al membr anes i s 362 cmz/ cm' ' t i ssue,

whi l e t hat of t he i nner membr ane ( i ncl udi ng t he

cr i st ae) i s 644 cmz / cm' ' t i ssue . Thus, t he i nner
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membr ane, si t e of cer t ai n i mpor t ant enzymes of

st er oi d bi osynt hesi s ( see Di scussi on) , has a sur f ace

ar ea 1 . 8 t i mes gr eat er t han t hat of t he out er mem-

br ane of t he mi t ochondr i on, but i t s sur f ace ar ea i s

l ess t han t hat of t he SER ( whi ch cont ai ns t he

maj or i t y of st er oi dogeni c enzymes) by a f act or of

3 . 6 . I n an aver age Leydi g cel l t her e ar e 1, 640
pmt

of membr ane sur f ace ar ea i n t he out er mi t ochon-

dr i al membr anes and 2, 920 pmt i n t he i nner mi -

t ochondr i al membr anes .

The per oxi somes, or mi cr obodi es, f ound i n st e-

r oi d- secr et i ng cel l s ar e usual l y smal l , and ar e

t her ef or e cal l ed " mi cr oper oxi somes" ( 23) . How-

ever , i n r at Leydi g cel l s t hey ar e unusual l y l ar ge,

wi t h a mean di amet er of 0. 46 f un. They ar e some-

what i r r egul ar i n shape, commonl y exhi bi t i ng an

oval pr of i l e i n sect i ons . They have been i dent i f i ed

cyt ochemi cal l y by Reddy and Svodboda ( 24) . I n

t he pr esent mat er i al ( Fi g . 4) , post f i xat i on wi t h

OSOq - f er r ocyani de st ai ned l ysosomes r at her

densel y, wher eas per oxi somes wer e onl y sl i ght l y

st ai ned, maki ng i t compar at i vel y easy t o di st i n-

gui sh t hese t wo or ganel l es f r om one anot her .

Ther e ar e - 312 per oxi somes i n an aver age Leydi g

cel l , occupyi ng 1 . 2%of t he cel l vol ume . Each cubi c

cent i met er of t est i s t i ssue cont ai ned about 6. 9 bi l -

l i on Leydi g per oxi somes, occupyi ng 0. 03% of t i s-

sue vol ume .

Lysosomes ar e usual l y spher i cal i n shape, wi t h

an aver age di amet er of 0. 48 pm, and t ypi cal l y st ai n

densel y wi t h t he OSOa- f er r ocyani de post st ai ni ng

used i n t hi s st udy. Pr i mar y l ysosomes, wi t h ho-

mogeneous mat r i x, ar e most common, but r esi dual

bodi es and occasi onal aut ophagi c vacuol es ar e

al so seen . Lysosomes const i t ut e onl y 0. 6%of Ley-

di g cel l vol ume .

Mul t i vesi cul ar bodi es aver age 0. 43 pm i n di -

amet er and compr i se 0. 3% of cel l vol ume . These

or ganel l es ar e r ecogni zed by t hei r cont ent of smal l

vesi cl es, al t hough i n mul t i vesi cul ar bodi es occur -

r i ng near t he Gol gi compl ex t he vesi cl es may be

spar se and may not be i ncl uded i n t he pl ane of

sect i on . The l i mi t i ng membr ane of t hi s or ganel l e

i s not i ceabl y t hi cker t han t hat of near by SER, and

some segment s of t he membr ane may be " br i st l e-

coat ed" ( 26) .

I n adul t l abor at or y r at s, t he Leydi g cel l s char -

act er i st i cal l y cont ai n ver y f ew l i pi d dr opl et s, av-

er agi ng onl y about f our per cel l , occupyi ng a mer e

0. 2%of cel l vol ume ; t he l i pi d dr opl et s have a mean

di amet er of 1 . 06 pm. Thi s i s i n cont r ast t o t he

condi t i on i n f et al and pr epuber t al r at s, wher e t he

Leydi g cel l s cont ai n abundant l ar ge l i pi d dr opl et s

( 9) .

The cyt opl asmi c gr ound subst ance, or back-

gr ound cyt opl asml yi ng bet ween maj or or ganel l es,

const i t ut es 61 . 9% of cel l ul ar vol ume, or 70 . 6% of

cyt opl asmi c vol ume . I t cont ai ns f r ee r i bosomes

and pol ysomes, mi cr of i l ament s, mi cr ot ubul es, and

ot her smal l cyt opl asmi c component s, as wel l as

sol ubl e mat er i al s const i t ut i ng t he " cyt osol " of f r ac-

t i onal cent r i f ugat i on .

DI SCUSSI ON

Thi s st udy pr ovi des mor phomet r i c dat a on r at

Leydi g cel l s t hat can be cor r el at ed wi t h avai l abl e

bi ochemi cal i nf or mat i on, t hus cont r i but i ng t o a

quant i t at i ve cel l bi ol ogy f or t hese cel l s.

Sever al r ecent ar t i cl es have appear ed on Leydi g

cel l mor phomet r y, ut i l i zi ng a var i et y of st er eo-

l ogi cal appr oaches . Ker r et al . ( 18) compar ed t he

vol ume of Leydi g cel l s i n t he t est es of nor mal and

cr ypt or chi d r at s, and f ound a di st i nct i ncr ease i n

t he vol ume of t he cel l s and t hei r or ganel l es i n t he

cr ypt or chi d . To obt ai n cel l vol ume, t hey made

pl ani met r i c measur ement s of cel l ar eas i n sect i ons,

cal cul at ed an aver age cel l di amet er by ext r apol at -

i ng t he ar ea t o a ci r cl e, and t hen used t he di amet er

t o cal cul at e cel l vol ume, assumi ng t hat t he cel l s

wer e appr oxi mat el y spher i cal i n shape . Or ganel l e

vol ume was cal cul at ed f r om t he per cent age of

cyt opl asmi c vol ume occupi ed by t he or ganel l e,

det er mi ned by poi nt count i ng on el ect r on mi cr o-

gr aphs . The met hod coul d be ef f ect i ve f or showi ng

r el at i ve changes i n cel l and or ganel l e vol umes,

assumi ng t hat cel l shape does not change . The

absol ut e val ues f or t he vol umes di f f er ed consi d-

er abl y f r om t hose obt ai ned i n t he pr esent st udy.

Ber gh and Damber ( 3) and Ber gh and Hel ander

( 4) st udi ed t he Leydi g cel l s i n r at s r ender ed uni -

l at er al l y cr ypt or chi d at bi r t h and f ound t hat by

t he t i me t he ani mal s r eached mat ur i t y, t he Leydi g

cel l s wer e smal l er i n t he abdomi nal t est i s t han i n

t he cont r ol . The t ot al number of Leydi g cel l s was

about t he same i n bot h t est es, but si nce t he semi -

ni f er ous t ubul es wer e gr eat l y r educed i n t he cr yp-

t or chi d t est i s, t he Leydi g cel l s t her e occupi ed a

consi der abl y hi gher pr opor t i on of t est i cul ar vol -

ume ( i . e, t hei r vol ume densi t y was gr eat er ) . These

aut hor s used poi nt count i ng f or vol ume densi t i es

and der i ved a t ot al Leydi g cel l mass per t est i s by

mul t i pl yi ng Leydi g vol ume densi t y t i mes t est i cul ar

wei ght . The aver age vol ume of an i ndi vi dual Ley-

di g cel l was est i mat ed as a r at i o bet ween Leydi g
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vol ume densi t y and a numer i cal densi t y of Leydi g

nucl ei der i ved f r om nucl ear count s . The t ot al num-

ber of Leydi g cel l s per t est i s was t hen cal cul at ed

by di vi di ng t he t ot al Leydi g cel l mass by t he mean

Leydi g cel l vol ume . The numer i cal densi t y of Ley-

di g cel l s f or nor mal t est es gi ven i n t hei r r esul t s was

about hal f t he f i gur e obt ai ned i n t he pr esent st udy,

and t he vol ume densi t y of Leydi g cel l s was al so

somewhat l ower t han t hat gi ven her e . Kal er and

Neaves ( 16) f ound t hat human Leydi g cel l s be-

come l ess numer ous i n ol der i ndi vi dual s . These

aut hor s det er mi ned Leydi g vol ume densi t y by

poi nt count i ng on Boui n- f i xed and met hacr yl at e-

embedded t i ssue, and mul t i pl i ed t hi s val ue by

t est i cul ar wei ght t o obt ai n t ot al Leydi g vol ume per

t est i s . They cal cul at ed t he vol ume of an aver age

Leydi g cel l f r om measur ed cel l di amet er s, assum-

i ng t he cel l s t o be spher i cal . The t ot al Leydi g cel l

number per t est i s was t hen der i ved by di vi di ng t he

t ot al Leydi g vol ume per t est i s by t he vol ume of an

i ndi vi dual Leydi g cel l . The aver age numer i cal

densi t y of Leydi g cel l s i n a 20- yr - ol d man, cal cu-

l at ed f r om t hei r dat a, woul d be about 16 mi l l i on/

g of t est i s, whi ch i s not f ar f r om t he f i gur e de-

scr i bed f or r at s i n t he pr esent st udy . Kot har i et al .

( 19) have measur ed t ot al Leydi g cel l vol ume per

t est i s f or sever al common ani mal s . Ref er ences t o

ear l i er l i t er at ur e can be f ound i n t he above paper s

and i n r ef er ence 10 .

I n anot her paper f r omt hi s l abor at or y, Chr i st en-

sen and Peacock ( 10) have st udi ed t he change i n

Leydi g cel l number s under chr oni c t r eat ment wi t h

excess hCG i n adul t r at s . That mor phomet r i c

st udy was car r i ed out at t he l i ght mi cr oscope l evel

on t i ssue f i xed wi t h Boui n' s f i xat i ve, embedded i n

par af f i n, and sect i on at - 7 l i m t hi ckness . The

st er eol ogi cal pr ocedur es wer e si mi l ar t o t hose used

i n t he pr esent paper . The r esul t s showed t hat t he

number of cel l s i ncr eased by a f act or of 3 over 5

wk of t r eat ment . I n spi t e of t he consi der abl e t ech-

ni cal di f f er ences i n speci men pr epar at i on bet ween

t hat st udy and t he pr esent one, t he number of

Leydi g cel l s per cubi c cent i met er of t est i s i n nor -

mal ani mal s was si mi l ar , bei ng 18 . 6 mi l l i on com-

par ed t o 22 . 0 mi l l i on i n t he pr esent st udy . The

pr esent f i gur e i s pr obabl y mor e accur at e, si nce t he

hi st ol ogi cal pr epar at i ons used i n t he ot her st udy

pr oduced some ar t i f act ual expansi on of t he i nt er -

st i t i al space, whi ch coul d expl ai n t he l ower nu-

mer i cal densi t y . Chr i st ensen and Peacock ( 10) di s-

cussed t he di f f i cul t i es i nvol ved i n obt ai ni ng accu-

r at e numer i cal densi t i es, and t hi s t opi c wi l l not be

r epeat ed her e.
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Fr ee and Ti l l son ( 14) r epor t ed t he i n vi vo secr e-

t i on r at e of t est ost er one i n consci ous and i n hal o-

t hane- anest het i zed r at s as 4. 2 ± 0. 6 and 6. 7 ± 1 . 2

ng/ g t est i s per mi n, r espect i vel y . The aut hor s con-

si der ed t he val ue obt ai ned under anest hesi a t o be

mor e char act er i st i c of t he unst r essed ani mal . We

wi l l ut i l i ze t he secr et i on r at e f r omt hei r st udy, even

t hough t hey used l ar ger r at s ( 473 g aver age) , whi ch

may secr et e t est ost er one at a somewhat l ower r at e

t han t he younger r at s used i n our st udy ( 307 g

aver age) ; see t hei r paper ( 14) f or a di scussi on of

t hi s poi nt . Di vi di ng t he secr et i on r at e f r om t hei r

st udy by t he number of Leydi g cel l s per gr am of

t est i s, der i ved f r om our count s, i t can be shown

t hat an aver age i ndi vi dual Leydi g cel l secr et es

- 0 . 44 pg of t est ost er one/ d, or - 10, 600 mol ecul es

of t est ost er one/ s . The cor r espondi ng val ues pub-

l i shed by Chr i st ensen and Peacock ( 10) , based on

t he number of Leydi g cel l s per cubi c cent i met er

f ound i n t hei r st udy, wer e 0. 5 pg of t est ost er one/

d or 12, 500 mol ecul es/ s .

I t i s possi bl e t o ext end t hese cor r el at i ons wi t h

secr et i on r at e t o t he subcel l ul ar l evel . Amaj or i t y

of t he st er oi dogeni c enzymes i n Leydi g cel l s ar e

bound t o membr anes of t he SER, al t hough some

ar e l ocat ed on t he i nner membr ane and cr i st ae of

mi t ochondr i a ( see r ef er ence 8 f or r evi ew) . To sum-

mar i ze, acet yl - CoA, ar i si ng wi t hi n mi t ochondr i a

f r om f at t y aci ds or gl ucose, ent er s t he cyt opl asm

and i s conver t ed by sever al sol ubl e enzymes and

one SER- bound enzyme t o f ar nesyl pyr ophos-

phat e . Subsequent st eps t o chol est er ol ar e cat a-

l yzed by enzymes si t uat ed on membr anes of t he

SER. To begi n i t s conver si on t o t est ost er one, cho-

l est er ol f i r st ent er s a mi t ochondr i on, wher e i t s si de

chai n i s cl eaved by enzymes on t he i nner mem-

br ane and cr i st ae . The r emai ni ng st eps t o t est os-

t er one ar e cat al yzed by SER- bound enzymes . The

SERand i nner mi t ochondr i al membr anes t hus ar e

of f undament al i mpor t ance as enzyme si t es f or

st er oi d bi osynt hesi s .

Because t he SERand i nner membr anes of mi -

t ochondr i a pl ay a cent r al r ol e i n st er oi dogenesi s,

i t i s not sur pr i si ng t hat t hey ar e abundant i n

Leydi g cel l s, as shown i n t he mor phomet r i c r esul t s

of t he pr esent st udy . Membr anes of t he SER i n a

Leydi g cel l pr esent a l ar ge sur f ace ar ea f or en-

zymes, bei ng 6. 9 t i mes as ext ensi ve as pl asma

membr anes . The i nner membr anes of mi t ochon-

dr i a ( i ncl udi ng cr i st ae) wi t hi n a Leydi g cel l have

a sur f ace ar ea 1 . 9 t i mes t hat of t he pl asma mem-

br ane . Usi ng t he secr et i on r at e dat a descr i bed

above, i t can be cal cul at ed t hat each squar e cen-
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t i met er of SERpr oduces - 4, 2 ng of t est ost er one/

d or 101 mi l l i on mol ecul es/ s. The cor r espondi ng

val ues f or each squar e cent i met er of i nner mi t o-

chondr i al membr ane ar e 15 ng/ d or 362 mi l l i on

mol ecul es/ s . I n ot her wor ds, i t t akes 1 . 0
pmt

of

SER and 0. 3
pmz

of mi t ochondr i al i nner mem-

br anes on t he aver age t o pr oduce t est ost er one at

a r at e of one mol ecul e/ s .

The f i ndi ngs of t hi s st udy may al so be used t o

est i mat e t he r at e of chol est er ol synt hesi s per uni t

ar ea of SER membr anes i n Leydi g cel l s . As men-

t i oned above, a maj or i t y of t he 30 or mor e enzymes

of chol est er ol synt hesi s ar e l ocat ed on t he SER of

Leydi g cel l s ( 8) . Mor r i s and Chai kof f ( 22) have

est i mat ed t hat - 60%of t he chol est er ol i n t he r at

t est i s i s synt hesi zed i n si t u, whi l e 40% i s der i ved

f r om t he pl asma. Let us assume t hat t he i n si t u

synt hesi s t akes pl ace pr edomi nant l y i n t he Leydi g

cel l s, and t hat each mol ecul e of chol est er ol i s

conver t ed i nt o a mol ecul e of t est ost er one, whi ch

i s not unr easonabl e as r at Leydi g cel l s have ver y

f ew l i pi d dr opl et s and woul d t hus st or e l i t t l e of t he

chol est er ol t hey synt hesi ze ( see r ef er ence 8) . We

can t hen est i mat e t hat each squar e cent i met er of

SER pr oduces - 3 . 4 ng of chol est er ol / d, or , i n

ot her wor ds, 61 mi l l i on mol ecul es/ s . The chol es-

t er ol woul d begi n i t s conver si on t o t est ost er one by

cl eavage of t he si dechai n t o pr oduce pr egneno-

l one . Thi s si dechai n cl eavage t akes pl ace on t he

i nner mi t ochondr i al membr ane, wher e t he cl eav-

age enzymes on each squar e cent i met er of mem-

br ane woul d conver t - 12. 0 ng of chol est er ol / d t o

pr egnenol one.

The f unct i onal act i vi t y of Leydi g cel l s i s r egu-

l at ed by l ut ei ni zi ng hor mone ( LH) , whi ch bi nds

t o LH r ecept or s on t he Leydi g pl asma membr ane

( 6) . Conn et al . ( 11) est i mat e t hat t her e ar e - - 20, 000

LH r ecept or s/ Leydi g cel l . Assumi ng t hat t hese

r ecept or s ar e r andoml y di st r i but ed over t he cel l

sur f ace, t hen t he r esul t s of t he pr esent paper woul d

suggest t hat t her e ar e - 13 LH r ecept or s/ pmt of

pl asma membr ane .

The compar at i ve abundance of SER mem-

br anes i n Leydi g cel l s var i es f r omspeci es t o speci es

( see r ef er ences 8 and 9 f or r evi ews) . Mor phomet r i c

st udi es on t he Leydi g cel l s of gui nea pi gs, mi ce,

and ot her speci es ar e under way t o f ur ni sh a bet t er

quant i t at i ve under st andi ng of t hi s cel l t ype i n

var i ous mammal s. The r esul t s of t hese and ot her

st udi es, coupl ed wi t h bi ochemi cal and physi ol og-

i cal i nf or mat i on, may make i t possi bl e t o char ac-

t er i ze t he det ai l ed i nt er nal economy of Leydi g

cel l s i n quant i t at i ve t er ms. We hope t hat t he pr es-

ent paper has f ur ni shed some pr ogr ess t owar d t hi s

gener al goal , a quant i t at i ve cel l bi ol ogy of Leydi g

cel l s .
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