
The Cyt omat r i x : A Shor t Hi st or y of I t s St udy

As ear l y as 1820 and f or sever al decades t her eaf t er t he ear l y

obser ver s of t he cyt omat r i x wor ked most l y wi t h t he l i ght

mi cr oscope and ver y si mpl e equi pment . I t was not uncom-

mon f or t he i nvest i gat or si mpl y t o cr ush a cel l bet ween t wo

sl i des and wat ch t he r esul t s . The sol e mot i vat i on f or t hese

st udi es, as f ar as I can j udge, was t he sat i sf act i on of cur i osi t y,

f or t her e wer e no gr ant s . Such obser vat i ons ar e val uabl e t o us

t oday, especi al l y t hose accompani ed by i magi nat i ve i nt er pr e-

t at i ons .

St udi es on t he cyt omat r i x f al l r oughl y i nt o t hr ee per i ods,

t he ear l y, mi ddl e, and r ecent . The ear l y per i od, whi ch was

most l y descr i pt i ve, was t he l ongest and f i l l ed t he year s bet ween

1820 and 1910 . I t was a t i me when l i ght mi cr oscopes wer e

gr eat l y i mpr oved, when chemi cal f i xat i ves wer e di scover ed,

when mi cr ot omes and st ai ni ng pr ocedur es wer e i nt r oduced,

and when t he communi t y of bi ol ogi st s became awar e of cel l s

and howt hey di vi de and assembl e i nt o t i ssues . Cel l pat hol ogy

al so was pi oneer ed dur i ng t hi s per i od .

The mi ddl e per i od began ar ound 1910 and cont i nued unt i l

1940 . The emphasi s i n t hi s per i od was on t he st udy of l i vi ng

cel l s and on exper i ment s desi gned t o answer f undament al

quest i ons r egar di ng t he pr oper t i es of t he cyt omat r i x and t he

st r uct ur al basi s of i nt r acel l ul ar or gani zat i on .

The r ecent per i od has wi t nessed t he i nt r oduct i on of phase-

cont r ast mi cr oscopy, whi ch gr eat l y f aci l i t at ed t he obser vat i on

of l i vi ng cel l s . I t has been al so, of cour se, domi nat ed by cel l

f r act i onat i on and el ect r on mi cr oscopy. I t has been a per i od

of i nt ense act i vi t y, yi el di ng gr eat quant i t i es of i nf or mat i on

about cel l s and t i ssues. Cel l bi ol ogy has now emer ged as a

di st i nct sci ence, but t he cyt opl asmi c mat r i x i s st i l l not per -

cei ved by al l cel l bi ol ogi st s as somet hi ng wor t h st udyi ng .

I woul d l i ke t o begi n my di scussi on wi t h t he mi ddl e per i od,

t hen l ook back at t he ear l y per i od f or i t s backgr ound, and

f i nal l y t ouch on t he r ecent and mor e f ami l i ar per i od. Space

does not per mi t me t o ment i on al l t he det ai l s t hat I woul d

l i ke t o .

Mi ddl e Per i od

K. R. PORTER

Depar t ment of Mol ecul ar , Cel l ul ar and Devel opment al Bi ol ogy, Uni ver si t y of Col or ado,

Boul der , Col or ado 80309

Fr om t he vi ewpoi nt of a bi ol ogi st , t he mi ddl e per i od i s

per haps t he most i nt er est i ng . A. Fi scher and W. B. Har dy,

wor ki ng separ at el y, had j ust st ar t l ed t he communi t y of l i ght

mi cr oscopi st s by publ i shi ng evi dence cl ai mi ng t o show t hat

t he el egant dr awi ngs made by t hei r pr edecessor s wer e f ul l of

THE JOURNAL OF CELL BI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 99 NO. 1 PT . 2 JULY 1984 3s- 12s

®The Rockef el l er Uni ver si t y Pr ess - 0021- 9525/ 84/ 07/ 03x/ 10 $1 . 00

ar t i f act s, al l pr oduct s of coagul at i on dur i ng f i xat i on and/ or

dehydr at i on ( 15, 17) . Ear l i er cyt ol ogi st s, such as Fl emmi ng,

Ber t hol d, and But schl i , had al r eady caut i oned t hei r cont em-

por ar i es of t he danger of conf usi ng coagul at i ons wi t h genui ne

st r uct ur es . Fi scher and Har dy pr ovi ded i n t hei r dr awi ngs

i mages of ast er s and spi ndl es f ound i n dead pi t h cel l s i mpr eg-

nat ed wi t h al bumi n ( Fi g. 1) . For Har dy, t he al veol ar st r uct ur e

of t he cyt omat r i x, t he spongi opl asm, was not hi ng mor e t han

a consequence of f i xat i on ( Fi g. 2) .

I t may be t hat t hese at t acks on f i ndi ngs t hat we now know

wer e meani ngf ul i nduced enough skept i ci sm i n t he mi nds of

cyt ol ogi st s and physi ol ogi st s t o encour age gr eat er emphasi s

on st udi es of l i vi ng cel l s . I n any case, t her e f ol l owed a per i od

of i nt ense i nt er est i n t he st udy of l i vi ng pr ot opl asm.

Rober t Chamber s was a domi nant f i gur e i n t hi s t r end. I

doubt t hat he ever f i xed a cel l or cut a sect i on. He pr ef er r ed

i nst ead t o per f or m mi cr osur ger y on cel l s and l at er t o i nj ect

f or ei gn bodi es, par t i cul ar l y oi l s, i nt o cel l s and obser ve t he

var i ous consequences . Ear l y i n hi s car eer he went t o Cam-

br i dge, Engl and, t o wor k on cul t ur ed cel l s wi t h Honor B. Fel l .

I n one exper i ment , t hey wer e abl e t o show t hat t he t hr ust of

a mi cr oneedl e i nt o t he nucl eus i nduced i t s br eakdown and,

subsequent l y, t he l ysi s of t he whol e cel l . I f , however , t he cel l

had t wo nucl ei and t hey dest r oyed onl y one, t he ot her sur -

vi ved, as di d t he whol e cel l ( 8) . Needl e i nt er vent i on i n t he l i f e

of cel l s became qui t e popul ar . G. W. Scar t h, a bot ani st at

McGi l l Uni ver si t y, obser ved t hat t he nucl eus of Spi r ogyr a

coul d be di spl aced sever al mi cr omet er s and t hat when r el eased

i t woul d r et ur n pr ompt l y t o i t s or i gi nal posi t i on . I t appear ed

t hat some vi scoel ast i c pr oper t y of t he mat r i x asser t ed i t s

i nf l uence ( 37) . G. L . Ki t e was anot her ent husi ast of mi cr o-

mani pul at i on . When he i nt er posed a needl e bet ween t he mal e

and f emal e pr onucl ei of a r ecent l y f er t i l i zed Toxopneust es egg

he f ound t hat he coul d push one of t he nucl ei about but t hat

i t per si st ed i n sl i ppi ng of f t he needl e t o advance t owar d i t s

mat e ( 7) . Agai n, a mechani sm of t he mat r i x appear ed t o be

at wor k .

Chamber s made a f ai r l y syst emat i c exami nat i on of what

coul d and coul d not be mani pul at ed among t he st r uct ur al

component s of cel l s . He f ound st r i ki ng di f f er ences i n t he

abi l i t y of st r uct ur es t o wi t hst and hi s i nt er vent i ons. He f ound,

f or exampl e, t hat " f i br ous st r ands, vesi cl es and r od- shaped

mi t ochondr i a may be moved about and di st ur bed wi t h no

appar ent l oss of i nt egr i t y . On t he ot her hand, ot her st r uct ur es,
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such as t he ast er , when pr odded qui ckl y di sappear " and t hat

" t he physi cal st at e of t he pr ot opl ast r esembl es t hat of a

r ever si bl e sol - gel col l oi dal syst em" ( 7) . He al so di scover ed t hat

t he t r ansf or mat i on f r om gel t o sol , wi t h t he subsequent di s-

appear ance of st r uct ur al f eat ur es, can be i nduced by var i ous

exper i ment al pr ocedur es, par t i cul ar l y t hose t hat i nvol ve t he

use of hydr ost at i c pr essur e or sudden mechani cal agi t at i on . I

shal l r et ur n t o t hi s t opi c bel ow.

I t i s i mpor t ant al so t o r ecal l some wor k t hat Chamber s di d

wi t h M. J . Kopac i nvol vi ng t he i nj ect i on of oi l dr opl et s i nt o

sea ur chi n eggs ( 7, 24) . Or di nar i l y, t hese f at bodi es r et ai n a

spher i cal f or m. When, however , t hey ar e pl aced wi t hi n " t he

r adi al l y gel at ed ast er of a f er t i l i zed egg, t hey adopt an ovoi d

f or m. " Cl ear l y, t he st r uct ur al or gani zat i on of t he ast er i s

suf f i ci ent l y r i gi d t o di st or t t he oi l dr op .

Kopac ( 24) wr ot e t hat dr ops of oi l i nser t ed car ef ul l y i nt o

t he i mmat ur e oocyt es of Ast er i as r emai n spher i cal and shar pl y

def i ned as l ong as t he oi l causes no per cept i bl e i nj ur y t o t he

cyt opl asm but t hat " a pr onounced r eact i on occur s, when,

af t er t he oi l i s i nt r oduced, cyt ol ysi s i s i nduced . Wi t hi n 30 s

af t er t he cel l has cyt ol yzed a membr ane of adsor bed pr ot ei n

appear s at t he oi l - cyt opl asmi c i nt er phase and t hi s i s obser ved

t o cr i nkl e ( t he Devaux ef f ect ) when some of t he oi l i s r e-

t r i eved. " Regar di ng t hi s, Chamber s ( 7) wr i t es : " Si nce t he

Devaux cr i nkl i ng ef f ect of t he oi l dr op wi t h t he oi l - r et r act i on

met hod i s not not i ceabl e i n t he l i vi ng cyt opl asm, i t i s con-

cl uded t hat t he pr ot ei ns i n t he l i vi ng cel l do not accumul at e

Fi g . 44. - Coagul at i on- ar t i f act s i mi t at i ng cel l - st r uct ur es ( FI scHER) .

A, dead pi t h- cel l i mpr egnat ed wi t h 5% al bumi n and z5%ha, mogl obi n and f i xed i n t c osmi c

aci d ; B, x%ser um- al bumi n f i xed i n Fl emmi ng' s f l ui d ; C, 5% al bumose sol ut i on i n 5%gel at i n, f i xed

i n t %osmi c aci d and t % acet i c ; D, 2 . 5% al bumose sol ut i on f i xed i n 17, osmi c aci d.

FI GURE 1

	

Fr om E, B. Wi l son ( 43) .

Fi g, ' 1b . - Coagul at ed cel l s and coagul at i on- ar t i f act s ( HARDY) .

A, B, epi t hel i al cel l s, gut of t bt i scus, A, f i xed wi t h osmi c vapor , B, wi t h mer cur i c bi chl or i de ; C- F,
( - - dat ed egg al bumi n ; C, t 3 %o sol i ds, subl i mat e ; D, t he same, pot assi um sul phocyanat e ; E, 30%

- l f i l s, wi t h i ncl uded car mi ne- gr ai ns ( a, a) , subl i mat e ; F, ho c sol i ds, subl i mat e ; G- J, coagul at ed
, , Lai n t i l ed wi t h subl i mat e ; G, t o, c sol i ds ; D, z5 i o sol i ds ; I , 50` 70 sol i ds ; J, 4% sol i ds .
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FI GURE 2

	

Fr om Wi l son ( 43) .
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on exper i ment al l y i nt r oduced sur f aces whi l e t he pr ot opl asm
i s i nt act . Thi s suggest s t hat t he pr ot ei ns ar e not f r eel y di f f usi bl e
and adsor babl e i n pr ot opl asm, and t hat , t her ef or e, t hese pr o-

t ei ns may be bound t oget her t o f or msome ki nd of cont i nuous

phase, " and goes on t o say t hat " Pr obabl y t he st r ongest

ar gument f or t he exi st ence of a di f f er ent i at ed l ayer on t he

sur f ace of pr ot opl asm i s t he f act t hat a col or ed sol ut i on whi ch
cannot ent er f r om wi t hout wi l l , when mi cr o- i nj ect ed, spr ead
t hr ough t he i nt er i or but wi l l not pass out of t he cel l . " Appar -

ent l y, t he dye i s conf i ned t o a wat er - r i ch phase.

Di scussi ons of t he exi st ence of or gani zat i on i n cel l s- i n

par t i cul ar egg cel l s- wer e common, especi al l y i n t he l i t er at ur e

emanat i ng f r om t he Mar i ne Bi ol ogi cal Labor at or y i n Woods

Hol e . The names of Conkl i n, Li l l i e, and Bover i ar e i nt i mat el y

associ at ed wi t h wor k done pr i nci pal l y t o det er mi ne whet her

t he so- cal l ed or gan- f or mi ng subst ances i n oopl asmar e di st r i b-

ut ed nonr andoml y and f i xed i n t hei r posi t i ons . They f ound

t hat al t hough such i nt r acel l ul ar subst ances as t he yol k and

pi gment of Ar baci a eggs coul d be st r at i f i ed by cent r i f ugat i on,

t he pat t er n of cl eavage was not al t er ed. I n ot her wor ds, a par t

of t he oopl asm t hat di d not move wi t h t he pi gment went i nt o

t he f or mat i on of t he i ngr edi ent s of ast er s and spi ndl es and

cont r i but ed t o t he cont ent of mi cr omer es and ot her cel l s of
t he 16- cel l st age as t hough t he egg had never been cent r i f uged

( 11, 40) ( Fi g . 3) .

As E. B. Wi l son ( 43) poi nt s out , " The di f f i cul t y of concei v-
i ng howt he pr el ocal i zed or gani zat i on of t he egg can be bound
up i n a l i qui d or semi - l i qui d subst ance, such as t he hyal opl asm
of t en seems t o be, i s obvi ous . Li l l i e and Conkl i n have accor d-
i ngl y ar gued i n f avor of a r el at i vel y f i r m condi t i on of aggr e-
gat i on i n t he hyal opl asm, yet one of such a nat ur e t hat t he

cyt opl asmi c i ncl usi ons can st i l l move t hr ough i t . ` Fl owi ng
movement s, ' accor di ngl y, whet her i n t he nor mal egg or pr o-
duced by t he cent r i f uge, ar e r egar ded as no mor e t han gr anul e-

movement s wi t hi n t hi s semi - sol i d f r amewor k of t he oopl asm.
Conkl i n has pr oduced consi der abl e speci f i c evi dence t hat such
a per si st ent f r amewor k of mor e vi sci d pr ot opl asm ( hyal o-

FI GURE 3

	

Fr om Wi l son ( 43) .
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pl asm) exi st s i n t he cl ear subst ance of t he Cr epi dul a egg, and

t hat i t f or ms t he basi s of t he t r ue l ocal i zi ng act i vi t i es. I t s

subst ance i s assumed by Conkl i n t o be el ast i c and cont r act i l e,

and t hus t o pr oduce t he so- cal l ed f l owi ng movement s of l i vi ng

pr ot opl asm and i t s cont ai ned gr anul es . He emphasi zes t he

f act , al so not ed by ear l i er obser ver s, t hat i f t he cent r i f ugi ng

act s at a suf f i ci ent l y ear l y per i od and i s not t oo l ong cont i nued

t he di sl ocat ed egg- component s t end t o r et ur n mor e or l ess

compl et el y t o t hei r or i gi nal posi t i on ; and t hi s t oo i s ascr i bed

t o t he act i on of t he cont r act i l e f r amewor k whi ch has mai n-

t ai ned unchanged i t s or i gi nal pol ar i t y. "

These st udi es r emi nd one of exper i ment s per f or med some-

what l at er by H. W. Beams and R. L . Ki ng ( 1, 2) . They
exposed a wi de var i et y of cel l s t o huge cent r i f ugal f or ces
( 400, 000 g) and wat ched f or evi dence of sur vi val . Thi s was
done i n a smal l ai r - dr i ven cent r i f uge devel oped by J . W.
Beams, a br ot her of H. W. Beams . The cont ent s of Ascar i s

eggs st r at i f i ed i nt o t hr ee l ayer s dur i ng 1 h at 400, 000 g

r et ur ned t o nor mal di st r i but i on over t he next 12 h . At t he
end of 48 h, 90%of t he cent r i f uged eggs had di vi ded .

Ot her eggs and ear l y cl eavage st ages cent r i f uged at 150, 000
g f or 4 . 5 d sur vi ved and devel oped at t he nor mal r at e . I n

ot her exper i ment s, eggs wer e seen t o under go cl eavage whi l e
cent r i f uged at 100, 000 g. Appar ent l y, any di spl acement of t he

cyt omat r i x or i t s cont ent s achi eved at 100, 000 g i s not suf f i -

ci ent t o di sr upt t he or gani zat i on of t he cyt opl asm essent i al
f or cel l di vi si on . At t he hi gher f or ces an i nt er val of r ecover y

appear s t o be essent i al f or nor mal cl eavage. Per haps t her e i s

somet hi ng i n t he concept t hat char act er i zes t he cyt omat r i x as

" spongi opl asm. "

The or gani zat i on essent i al f or mi t osi s i s awesome, and
var i at i ons i n r el at i vel y si mpl e condi t i ons have been obser ved

t o di sr upt i t . Thus, as we know f r om mor e r ecent st udi es by
I nou6 and hi s col l abor at or s ( 21) , t he bi r ef r i ngence of t he

mi t ot i c spi ndl e di sappear s at l ow t emper at ur es and t he chr o-

mosomes dr i f t away f r om t hei r posi t i on at t he met aphase

pl at e . The amazi ng t hi ng i s t hat t hey r et ur n t o t hei r nor mal

posi t i on al ong wi t h t he bi r ef r i ngence when t he cel l s ar e r e-

t ur ned t o nor mal t emper at ur e . I t i s as t hough some basi s of
or gani zat i onal memor y sur vi ves t he exper i ment and gui des

t he r est r uct ur i ng of t he spi ndl e .

I n t hi s mi ddl e per i od Mar sl and i nt r oduced and exhaust i vel y

used hydr ost at i c pr essur es t o expl or e t he char act er i st i cs of t he
mat r i x . These exper i ment s f ol l owed t he demonst r at i on by

Dugal d Br own t hat t he cent r al cyt opl asm of t he Ar baci a egg
i s r el at i vel y f l ui d compar ed wi t h a t hi ck ( 5- t um) cor t ex . When

exposed t o a weak cent r i f ugal f i el d, t he " gr anul ar compo-

nent s" of t he cent r al cyt opl asm wer e r eadi l y di spl aced,

wher eas t hose i n t he cor t ex wer e not . When t he same exper i -

ment was per f or med wi t h i ncr easi ng l evel s of hydr ost at i c
pr essur e, t he cor t ex di spl ayed i ncr easi ng l i quef act i on . At

10, 000 p . s . i . t he er st whi l e cor t i cal gel was al most undet ect abl e.

Subsequent st udi es showed t hat hydr ost at i c pr essur e i nduces

sol at i on of pr ot opl asmi c gel s i n a wi de var i et y of cel l s ( 27,

30) . We now know, of cour se, as f i r st demonst r at ed by Ti l ney
et al . ( 42) , t hat mi cr ot ubul es di sassembl e as par t of t hi s
phenomenon . The ef f ect i s r ever si bl e and pr obabl y i nvol ves

sol at i on of mor e t han mi cr ot ubul e component s of t he cyt o-

mat r i x . The sol - gel t r ansf or mat i on i s t hought t o r epr esent a

si mi l ar behavi or of mat r i x component s under nor mal condi -

t i ons. Some obser vat i ons by Pease ( 30) on t he i n ut er o eggs

of t he nemat ode Rhabdi t i s ar e per t i nent . He f ound t hat
Br owni an mot i on, or di nar i l y ver y l i mi t ed, i ncr eased dr amat -

i cal l y i n cent r i f uged eggs: " moder at e cent r i f ugal f or ces sol at ed

t he gel net wor k, and Br owni an movement was unr est r i ct ed

unt i l t he gel sl owl y r ef or med, t he pr ocess t aki ng some mi nut es

t o be compl et ed" [ see al so Ki t chi ng and Pease ( 23) ] .

Sever al i nvest i gat or s, begi nni ng wi t h Hei l br onn i n 1922

( 19) , i ncl udi ng Hei l br unn ( 20) , and endi ng wi t h Cr i ck and

Hughes i n 1950 ( 12) , at t empt ed t o l ear n somet hi ng about t he

el ast i ci t y of t he mat r i x by i nt r oduci ng i r on par t i cl es i nt o t he

cyt opl asm and t hen shunt i ng t hem ar ound wi t h ext er nal l y

appl i ed magnet i c f i el ds ( 20) . The exper i ment s sound l i ke f un,

but accor di ng t o Cr i ck and Hughes t he r esul t s wer e di f f i cul t

t o quant i t at e . They succeeded t o some degr ee, wher e ot her s

had not , by t aki ng movi es t hat t hey coul d l at er anal yze ( 12) .

Thi s wor k has been summar i zed el sewher e ( 35) , as f ol l ows :

" I n each case, when a par t i cl e was moved t her e was a smal l ,

r api d r ecoi l when t he magnet i c f i el d was t ur ned of f . The r ecoi l

never r et ur ned t he magnet i c par t i cl e t o i t s st ar t i ng poi nt ;

usual l y r ecoi l was about one- t hi r d of t he di st ance or i gi nal l y

t r avel ed . Repeat ed, magnet i cal l y i nduced excur si ons of par -

t i cl es seemed t o gener at e a l ar ger space f or uni mpeded mot i on ;

i e, ei ght r ei t er at i ons of t he on- and- of f act i on of t he f i el d

l ower ed t he vi scosi t y i n t he space t hr ough whi ch t he par t i cl es

had moved . They [ Cr i ck and Hughes] concl uded f r om t hi s

t hat t he cyt opl asm i s a t hi xot r opi c gel . The l i mi t ed r ecoi l one

mi ght i nt er pr et as r ef l ect i ng t he el ast i ci t y of a zone of compr es-

si on t hat devel ops i n a f i l ament ous meshwor k i mmedi at el y

i n advance of t he movi ng par t i cl e . The di st ance t r aver sed

mi nus t he r ecoi l coul d r epr esent a par t of t he mat r i x i n whi ch

t he st r uct ur e was damaged and t he vi scosi t y mar kedl y al t er ed

( a t hi xot r opi c ef f ect ) . Qui t e obvi ousl y, t hese exper i ment s and

ot her s descr i be t he pr esence of a vi scous and st r uct ur ed mat r i x

i n t he cyt opl asm, a mat r i x wi t h enough el ast i ci t y ( or st r uct ur al

i nf or mat i on) t o r et ur n i t t o i t s undi st or t ed f or m af t er some

ki nds of per t ur bat i ons . "

The ul t r ami cr oscope ( dar k f i el d) i nt r oduced i n t he mi ddl e

per i od hel ped t o al er t St r angeways and Cant i ( 41) t o t he

pr esence of smal l r ef r act i l e st r uct ur es i n t he mor e cent r al

r egi ons of t hi nl y spr ead cul t ur ed cel l s and al so t o t he st r i ki ng

absence of Br owni an mot i on i n a nor mal uni nj ur ed cel l . They

wer e or i gi nal al so i n showi ng t hat t he i mage was not det ect abl y

al t er ed by f i xi ng t he cel l s wi t h vapor s of OsO, , whi ch was not

t r ue of ot her f i xat i ves.

The bi r ef r i ngence of cel l s and especi al l y of cer t ai n cel l
component s was pi oneer ed by W. J . Schmi dt ( 39) . Fi ber
syst ems i n t he cyt opl asm became known f or t hei r f or m bi -
r ef r i ngence, as di d l at er st r uct ur es r i ch i n mi cr ot ubul es, such
as axonemes, ci l i a, and mi t ot i c spi ndl es . Fl ow bi r ef r i ngence

was f ai r l y appar ent , and t hi s i ni t i at ed much di scussi on of non-

Newt oni an f l ow as di spl ayed by t he vi scous cyt opl ast .
I shoul d not end my di scussi on of t hi s per i od wi t hout

ment i oni ng t wo t heor i st s, A. Fr ey- Wyssl i ng and G. W. Scar t h .

The f or mer was especi al l y exper t i n addi ng i t al l up. For

exampl e, he says of t he physi cal pr oper t i es of cyt opl asm: " The

par adox of t he cyt opl asm i s t hat i t shows bot h f l ui di t y and

el ast i ci t y. I t i s a sol i d and a l i qui d at t he same t i me t o an

ext ent not obser ved i n any ot her col l oi d . The t ask of submi -

cr oscopi c mor phol ogy consi st s, t her ef or e, of dr awi ng up a

st r uct ur al schema" ( 16) . Hi s scheme shows t he mat r i x as an

ext r emel y f i ne net wor k, t he meshes of whi ch cont ai n such

i nt er st i t i al subst ances as wat er and sal t s and gl ucose i n sol u-

t i on . The f undament al di f f er ence bet ween nonl i vi ng and l i v-

i ng gel s i s t hat i n l i vi ng cyt opl asm t he j unct i ons bet ween t he

f i l ament s ar e cont i nuousl y r est r uct ur ed .

K. R. PORTER
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Scar t h ( 38) l i kens t he st r uct ur e t o t hat of a br ush heap, and

says t hat " The myst er y of cel l or gani zat i on, mor e per haps

t han any ot her bi ol ogi cal pr obl em, seems t o conduce a vi t al -

i st i c vi ewpoi nt . However , as Dr i esch poi nt ed out , i f i t can be
pr oved t hat or gani zat i on may exi st wi t hout an adequat e phys-

i cal mechani sm, a mechani st i c expl anat i on of i t becomes,

i pso f act o, i mpossi bl e .
" The ki nd of or gani zat i on t hat i s exper i ment al l y di scover ed

i n eggs and ot her cel l s i s t hat of pol ar i t y, l ocal i zat i on of

subst ance and, i n t he nucl eus, an or der l y ser i al ar r angement

of uni t s . For t hi s t o exi st physi cal l y demands a mor e or l ess

st r uct ur al basi s . Consequent l y, i f i t shoul d be di spl ayed by a

l i qui d medi umsuch as pr ot opl asm i s sai d t o be- at l east i n

some cr uci al i nst ances- we ar e f aced wi t h a bi ol ogi cal mi r a-

cl e .

Scar t h ( 37) t ook par t i n a pr ogr am or gani zed i n 1940 by

t he Amer i can Soci et y of Pl ant Physi ol ogi st s ( Fi g . 4) . At t he

end of hi s t al k he r eci t ed a par ody on a l i t t l e l i ght ver se wr i t t en

by John Godf r ey Saxe a cent ur y ear l i er , " The Bl i nd Men and

t he El ephant . "

I t was f our f undament al i st s t o l ear ni ng much i ncl i ned,

Who went t o see t he Pr ot opl ast ( t hough al l of t hem wer e

bl i nd)

That each i t s st r uct ur e mi ght obser ve t o sat i sf y hi s mi nd.

The f i r st advanci ng hur r i edl y and happeni ng t o f al l

Ri ght t hr ough i t s sof t i nt er i or at once began t o bawl

" God bl ess me! But t he Pr ot opl ast i s ver y l i ke a Sol . "

The second poked t he ani mal and f el t hi s st af f r epel
I t s t ough and spr i ngy cor t ex, so he began t o yel l

" Ti s evi dent t he Pr ot opl ast i s ver y l i ke a gel . "

The t hi r d appr oachi ng gi nger l y di d onl y pi nch and squeeze

I t s sl i pper y ol eagi nous hi de when he began t o wheeze
" I t seems t o me t he Pr ot opl ast i s j ust a l ump of gr ease. "

The f our t h man, havi ng punched and pr obed and pr oved i t s

pl ast i c st at e,

Wat er y yet i ndi ssol ubl e, di d t hus assever at e

" The Pr ot opl ast i s a compound, compl ex co- a- cer v- at e . "

And so t hese f undament al i st s di sput ed l oud and l ong

Each i n hi s own opi ni on exceedi ngl y st i f f and st r ong,

Though each was par t l y i n t he r i ght and al l of t hem wer e

wr ong .

Ot her vol umes gr ew out of conf er ences i n r esponse t o t he

ur ge t o sum up what had been l ear ned i n t he 30 year s bef or e

Wor l d War 11 di sr upt ed nor mal l i f e and r esear ch . One of

t hese vol umes t hat summar i zed bet t er t han ot her s t he pr ogr ess
of t he mi ddl e per i od compr i sed 31 essays pr esent ed t o Si r

Fr eder i ck Gowl and Hopki ns ( 1937) on hi s 75t h bi r t hday . One

essay was by Joseph Needham, t he aut hor of Chemi cal Em-

br yol ogy ( 29) . He depar t s f r omchemi st r y enough t o say " t hat

a whol e movement has been t aki ng pl ace i n r ecent year s

t owar ds t he concept i on of f i br e or t hr ead mol ecul es as t he

basi s of pr ot opl asmi c or gani zat i on and si nce i t i s easi er t o

concei ve of a t hr ee- di mensi onal st r uct ur e bei ng bui l t of or i -

ent ed f i ber s t han of coher i ng spher es t he r esul t i s of no smal l
i mpor t ance f or mor phol ogy . " Fr omt hi s poi nt one can easi l y

i magi ne hi m wor ki ng hi s way t o t he t er m " cel l skel et on . "
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Ti t l e page of a monogr aph based on paper s pr esent ed

at a symposi um sponsor ed by t he Amer i can Soci et y of Pl ant Phys-

i ol ogi st s and hel d i n Phi l adel phi a on December 30, 1940 .

Act ual l y, he had used t he t er m cyt oskel et on f or t he f i r st t i me

i n hi s Ter r y l ect ur es a year ear l i er .

Si r Rudol ph Pet er s ( 31) i n hi s paper expr essed i mpat i ence

wi t h " t he cur r ent pur el y col l oi dal concept i ons of t he cel l . " He

wander ed i nt o f anci f ul anal ogi es, e . g. , t hat of t he exi st ence of

an i nt r acel l ul ar ner vous syst em composed i n some way of

cyt opl asmi c pr ot ei ns, and emer ged at t he end wi t h a pl ea f or

t he st udy of i nt act cel l s . The smoot h endopl asmi c r et i cul um

and i t s cont r ol of f r ee Ca" woul d coi nci de t oday wi t h Pet er s'

not i on of an i nt r acel l ul ar ner vous syst em.

Unf or t unat el y, Wor l d War I I i nt er r upt ed i n Engl and and

el sewher e much of what mi ght have been ver y val uabl e i n-

vest i gat i ons i nt o t he nat ur e of t he cyt oskel et on .

Ear l y Per i od

I n goi ng back now t o t he begi nni ngs ( t he ear l y per i od) , I

shal l be br i ef . I t i s di f f i cul t t o i dent i f y t he f i r st and most
si gni f i cant obser vat i ons on t he opt i cal l y empt y mat r i x of t he

cel l . I t may have at t r act ed t he shar p eyes of van Leeuwenhoek
as ear l y as 1670. Meani ngf ul obser vat i ons, however , had t o
awai t t he devel opment of bet t er mi cr oscopes, and, especi al l y,

of achr omat i c l enses . Many wer e at t r act ed t o t he use of t hese

new mi cr oscopes i n t he f i r st hal f of t he 19t h cent ur y . The

names of some ar e f ami l i ar : C. F. Wol f f ( 1733- 1794) , B. de

Mi r bel ( 1776- 1854) , Lamar ck ( 1744- 1829) , Dut r ochet
( 1824) , J . P. F . Tur pi n ( 1775- 1840) , Meyen ( 1804- 1840) ,
von Mahl ( 1805- 1872) , Br own ( 1773- 1858) . Al l of t hese,

wi t h t hei r obser vat i ons on t he cel l ul ar st r uct ur e of pl ant s and
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ani mal s, pr eceded Schl ei den and hi s Bei t r age of 1838 by

sever al year s .

Fel i x Duj ar di n ( 1801- 1860) went f ur t her t han most of t he

ot her s wi t h cr ude at t empt s t o l ear n somet hi ng about t he

physi cal nat ur e of pr ot opl asm. He cal l ed i t i ncl usi vel y " sar -

code" ( t he f l esh of t he cel l ) and char act er i zed i t as a " cl ear

gl ut i nous di aphanous subst ance . " Duj ar di n' s descr i pt i on of

t he cyt opl asmi c mat r i x, publ i shed i n 1835 ( 14) , was based on

mi cr oscope exami nat i ons and exper i ment al pr obi ngs of t he

cel l bodi es of cer t ai n For ameni f er a . Wher eas ot her cel l bi ol -

ogi st s of hi s t i me had r ef er r ed t o i t si mpl y as a l i vi ng gel

( equal l y t r ue t oday) , Duj ar di n obser ved t hat i t was i nsol ubl e

i n wat er , cont r act ed i nt o gl obul ar masses, was st i cky i n t hat

i t adher ed t o di ssect i on needl es, st r et ched l i ke mucus, and

occur r ed i n al l t he cel l s ( l es ani maux i nf ér i eur s) he exami ned

( Fi g . 5) .

Duj ar di n was ahead of hi s t i me, t hough not t ot al l y al one

i n maki ng obser vat i ons on t he mat r i x . I suspect t hat t he

i mpor t ance of what he sai d about i t was l ar gel y wast ed on hi s

cont empor ar i es .

As t he Cel l Theor y gr adual l y emer ged f r omt he obser vat i ons

and t hi nki ng of Duj ar di n' s cont empor ar i es, i t was r easoned

t hat t he " sar code" must , i n addi t i on t o i t s ot her pr oper t i es,

be hi ghl y or gani zed . Thi s, accor di ng t o E. Br ucke ( 1861) ( 4) ,

was essent i al f or t he var i ous act i vi t i es t hat cel l s di spl ay and

set t he i nt act cel l above and apar t f r om mer e chemi cal and

physi cal pr ocesses. Thi s st at ement has been r epeat ed many

t i mes si nce 1861 . For t y year s l at er Hof mei st er suggest ed i n a

1901 paper on t he chemi cal or gani zat i on of t he cel l [ ci t ed i n

Wi l son ( 43) ] t hat " t he mor phol ogi st on t he one hand st r i ves

t o el uci dat e t he st r uct ur e of pr ot opl asm down t o i t s f i nest

det ai l s ; t he bi ochemi st on t he ot her hand, wi t h hi s appar ent l y

cr uder yet st i l l mor e sear chi ng met hods seeks t o det er mi ne

t he chemi cal f unct i ons of t he same pr ot opl asm; br oadl y

speaki ng t hey ar e onl y deal i ng wi t h t wo di f f er ent si des of t he

same t hi ng . "

A l ot of i nk has been expended on t hi s t opi c i n wor ds and

dr awi ngs . The mor phol ogi st has vi ewed t he cel l as possessi ng

an undi f f er ent i at ed subst ance, i ncl udi ng nucl eus, mi t ochon-

dr i a, and cent r i ol es, whi ch i s abl e t o gr owand r epr oduce, and

al so a di f f er ent i at ed pr ot opl asm, sel f - per pet uat i ng and capabl e

of per f or mi ng speci al f unct i ons . As t he t echni ques of st ai ni ng

i mpr oved al ong wi t h mi cr oscopes, t he i nt er est i n penet r at i ng

and def i ni ng t he nat ur e of t he cl ear vi scous mat r i x cont i nued.

The hyal opl asm became t he vi sci d gr ound subst ance or ma-

t r i x . I n most cel l s, t hi s hyal opl asm was obser ved t o be suf f i -

ci ent l y vi scous t o i nhi bi t Br owni an mot i on . St r uct ur al l y i t

was t hought by some bi ol ogi st s t o be f undament al l y f i br i l l ar

and el egant i mages ( dr awi ngs) wer e pr oduced t o i l l ust r at e t hi s

pr oper t y ( Hei denhai n) ( 18) ( Fi g. 6) . To ot her s ( But schl i ) ( 6)

i t was al veol ar , l i ke a sponge. Thi s was l abel ed t he f oam

t heor y of pr ot opl asm ( Fi g. 7) . For ot her s, i mpr essed by t he

somet i mes numer ous mi t ochondr i a, i t was basi cal l y gr anul ar .

Dahl gr en ( 13) i n hi s t ext book on compar at i ve hi st ol ogy,

pr ovi ded an i nt er est i ng dr awi ng of t he cyt opl asmi c mat r i x

( my i nt er pr et at i on) . The sour ce of t he i mage i s not gi ven . I f

cr eat ed at Pr i ncet on Uni ver si t y, wher e Dahl gr en was a pr o-

f essor , i t was pr obabl y a synt hesi s of Dahl gr en' s and Conkl i n' s

i deas ( Fi g . 8) .

These var i ous di scussi ons at t r act ed t he at t ent i on of a f ew

who chose t o bel i eve none of i t and, as ment i oned ear l i er , set

about t o pr ove t hat t hese var i ous i mages wer e ar t i f act s of

f i xat i on or dehydr at i on or bot h .

On t he posi t i ve si de, t hey pr obabl y di d a l ot i nadver t ent l y

One of t he or gani sms ( a r hi zopod) t hat Duj ar di n chose t o use f or hi s st udi es . He named i t Gr omi a or i f or mi s . The i mageFI GURE 5

her e i s a copy of Fi gs . 1 and 2 on Pl at e I X of hi s paper ( 14) . Fi g . 2 i s a det ai l of t he or i f i ce " de l a coque membr aneuse . "

K. R. PORTER
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t o encour age t he st udi es of l i vi ng cel l s t hat seemed t o domi -

nat e t he cel l bi ol ogy of t he next per i od . I t was at t hi s t i me

t hat M. Lewi s and W. Lewi s ( 25) wer e wat chi ng l i ve cel l s

pr ol i f er at i ng and movi ng about under t he condi t i ons of i n

vi t r o cul t ur e . They wer e abl e t o di scer n t he behavi or of

mi t ochondr i a, t he char act er i st i cs of cel l mot i on, and some

mani f est at i ons of di f f er ent i at i on . Thei r obser vat i ons wer e not

subj ect t o t he cr i t i ci sms of Fi scher and Har dy . On t he ot her

hand, t he Lewi ses and t hei r st udent s di d not i ndul ge i n much

specul at i on on t he f undament al nat ur e of t he cyt opl asmi c

mat r i x . That cont r over si al subj ect at t hat t i me had seemi ngl y

l ost some of i t s ear l i er popul ar i t y .

Recent Per i od

The r ecent per i od i n t hi s ar bi t r ar y di vi si on of t he hi st or y of

t he st udy of t he cyt omat r i x began j ust bef or e and dur i ng

Wor l d War I I . Al ber t Cl aude ( 9) , at The Rockef el l er I nst i t ut e,

had been i sol at i ng and st udyi ng t he pr oper t i es of t he chi cken

t umor I agent , l at er t o be cal l ed t he Rous sar coma vi r us . I n

t hose days i t was not consi der ed a vi r us . To obt ai n cont r ol

mat er i al f r om a nor mal sour ce, Cl aude gr ound up l i ver and

chi ck embr yos and subj ect ed t he homogenat es t o di f f er ent i al

cent r i f ugat i on . To hi s sur pr i se t he f r act i on cont ai ni ng t he

t umor agent and t he chi ck embr yo f r act i on, si mi l ar l y i sol at ed,

had essent i al l y t he same pr oper t i es, except t hat t he f r act i on

f r omnor mal t i ssues di d not pr oduce t umor s . Thi s pr ompt ed

FI GURE 6

	

A pl at e of dr awi ngs f r om a paper by M. Hei denhai n ( 18) .

The cel l s ar e al l epi t hel i al uni t s f r om f r og i nt est i ne . Obvi ousl y t hey

cont ai n el abor at e uni dent i f i ed cyt oskel et al el ement s .
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Cl aude t o i ni t at e an ext ended ser i es of st udi es i n whi ch he
devel oped usef ul t echni ques f or t he i sol at i on of nucl ei , mi t o-

chondr i a, and mi cr osomes ( f r agment s of t he endopl asmi c

r et i cul um) . He had had no f or mal t r ai ni ng i n cel l bi ol ogy and

i nt i al l y conf used mi t ochondr i a f r om l i ver homogenat es wi t h

secr et or y gr anul es ( of whi ch t her e ar e ver y f ew i n l i ver ) . Thi s

er r or was subsequent l y cor r ect ed by Pal ade and Hogeboom.

The essent i al f act i s t hat Cl aude had devel oped a good pr o-

cedur e f or i sol at i ng and " pur i f yi ng" cel l component s . What

he achi eved wi t h much pat i ence was a di st i nct i mpr ovement

over t he pr ocedur es publ i shed si x year s ear l i er by Bensl ey and

Hoer r ( 3) . The cyt opl asmi c mat r i x we now addr ess was par t

of t he second or t hi r d super nat ant , whi ch was usual l y di s-
car ded . I t was l at er named t he cyt osol f r act i on . Unf or t unat el y,

t he t er m was t r ansf er r ed f r om t he cont ent s of t he cent r i f uge

t ube t o t he l i vi ng cel l and equat ed wi t h t he hyal opl asm or

cyt omat r i x whi ch i s not a sol , not most of t he t i me, anyway .

What has happened si nce, as f ar as t he cyt omat r i x i s con-

cer ned, i s cur r ent hi st or y and wi l l be ment i oned by t he ot her

aut hor s i n t hi s suppl ement . Thei r pur sui t of an under st andi ng

of t he mat r i x has been by bi ophysi cal and bi ochemi cal ap-

pr oaches .

I n spi t e of t he obvi ous achi evement made possi bl e by cel l

f r act i onat i on as pr act i ced by Cl aude and hi s f ol l ower s, t her e

per si st ed i n t he mi nds of some cyt ol ogi st s t he t hought t hat

t he f r act i ons of cyt opl asmi c or ganel l es must be sever el y dam-

aged by t he pr ocedur es i nvol ved . Thi s t hought , among ot her s,

i nspi r ed Zal okar ( 47) t o at t empt a f r act i onat i on wi t hi n t he

i nt act cel l . The hyphae of Neur ospor a t ur ned out t o be a

f avor abl e mat er i al . The cel l s wer e not dest r oyed by hi gh- speed

cent r i f ugat i on, and t he var i ous component s st r at i f i ed t o pr o-

duce sever al l ayer s easi l y i dent i f i ed as mi t ochondr i a, nucl eus,

gl ycogen, and t he basophi l i c component ( er gast opl asm or

Fi g. SL- Al veol ar or f oam- st r uct ur e of pr ot opl asm. ( si l ascat t . ) .

A, epi der mal cel l of t he ear t hwor m; B, cr i er and cent r al bodi es f r om sea- ur chi n e6g ; C, i nt r a.
capsul ar pr ot opl amn of a r adi ol ar i an ( Thaf ar r i caWa) wi t h vacuoks ; D, per i pher al cyt opl asm of

sea- ur chi n egg; E, ar t i f i ci al emul si on of ol i ve- od, sodi um chl or i de, and wat er .

FI GURE 7

	

Fr om Wi l son ( 43) .
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r ough endopl asmi c r et i cul um) . Ther e was a f i f t h or si xt h l ayer

t hat was r el at i vel y f r ee of f or med st r uct ur es cal l ed super nat ant

and t hat had t he appear ance of a " honeycomb l at t i ce . " I t

t est ed posi t i ve f or t he pr esence of phosphat ases . The cel l s,

FI GURE 8

	

I l l ust r at i on f r om Dahl gr en ( 13) . The dr awi ng was made

f or Dahl gr en not l at er t han 1908, but t he ar t i st ( aut hor ) i s not

i ndi cat ed . Cl ear l y our concept s have not changed r adi cal l y i n 75

year s .

vi abl e af t er cent r i f ugat i on, r eor gani zed t hei r cont ent s and

cont i nued t o pr opagat e .

Si mi l ar st udi es by Kempner and Mi l l er ( 22) on Eugl ena

yi el ded si mi l ar r esul t s . The f i f t h, or cl ear l ayer of t hei r st r at i -

f i cat i ons t est ed negat i ve f or pr ot ei n and was st r uct ur e f r ee, as
near as t hey coul d t el l . Fol l owi ng cent r i f ugat i on, whi ch t hese
cel l s sur vi ved, t he var i ous or ganel l es r et ur ned t o t hei r nor mal

di st r i but i on . [ See al so Cl egg ( 10) . ]

Anot her appr oach has been pr ovi ded by el ect r on mi cr os-
copy, whi ch began ar ound 1945 wi t h obser vat i ons on whol e
cul t ur ed cel l s ( 32) . The f i r st mi cr ogr aphs obt ai ned wer e of
l i mi t ed val ue, but bef or e l ong, as we l ear ned some t r i cks of
pr epar at i on, t hey got bet t er and we r ecogni zed t he endo-

pl asmi c r et i cul um and i t s char act er i st i cs and a f ew smal l f i ber
syst ems ( st r ess f i ber s of War r en Lewi s) . The mani pul at i ve
t echni ques wer e di f f i cul t , and dr yi ng t he cel l s i n ai r , as was
t hen t he pr act i ce, was dest r uct i ve . Subsequent st udi es equat ed
t he mi cr osome f r act i on wi t h t he r ough endopl asmi c r et i cul um
and wi t h t he chr omi di al subst ance ( al so cal l ed er gast opl asm)

of t he ear l i er cyt ol ogi st s . The r eady avai l abi l i t y of t hi n sect i ons

( ar ound 1953) opened up a vast new wor l d f or expl or at i on

and di scover y . The mor e obvi ous t hi ngs wer e st udi ed f i r st

and i ncl uded al l membr ane- l i mi t ed st r uct ur es. Event ual l y,

mi cr of i l ament s and mi cr ot ubul es got some at t ent i on, espe-
ci al l y af t er gl ut ar al dehyde was i nt r oduced as a f i xat i ve .

The cyt opl asmi c mat r i x, t hat par t excl usi ve of i dent i f i abl e

f i l ament s, was l east at t r act i ve f or i nvest i gat i on . I t appear ed

f ai nt l y st ai ned, i f at al l , and essent i al l y unst r uct ur ed . " Wi spy"

FI GURE 9

	

St er eo el ect r on mi cr ogr aphs ( hi gh- vol t age) depi ct i ng t he st r uct ur e of t he cyt opl asmi c mat r i x i n a t hi n mar gi n of a
cul t ur ed NRK ( newbor n r at ki dney) cel l . The cel l was f i xed i n gl ut ar al dehyde, f r ozen i n pr opane chi l l ed t o - 185° C and f i nal l y

dr i ed f or 1 . 5 d whi l e mai nt ai ned at - 95° C t o avoi d cr yst al l i zat i on . I n t hi s exper i ment , we avoi ded cr i t i cal - poi nt dr yi ng and t hus

any ar t i f act s i t mi ght i nduce . At t he same t i me we obt ai ned an i mage of gl ut ar al dehyde- f i xed mat r i x f or compar i son wi t h t hat i n

cel l s pr eser ved sol el y by f r eeze- dr yi ng ( see Fi g. 10) . I t i s evi dent t hat t he mor phol ogy f ol l owi ng gl ut ar al dehyde f i xat i on i s ver y

si mi l ar t o t hat af t er f r eeze- dr yi ng onl y . Some shr i nkage of i ndi vi dual t r abecul ae i s appar ent i n t he i mages and i n mor phomet r i c

anal ysi s of t hei r di mensi ons ( 33) . Mi cr ot ubul es can be i dent i f i ed i n t hi s and i n t he succeedi ng f i gur es as st r ands of r el at i vel y

uni f or m di amet er . x 80, 000 .
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was a f avor i t e adj ect i ve f or what was t her e. El ect r on mi cr os-

copi st s habi t ual l y i ncl uded st ai ni ng wi t h ur anyl and l ead i n

t hei r pr ocedur es, and, i f somet hi ng f ai l ed t o st ai n, i t was not

t her e or not wor t h at t ent i on . However , a f ew desper ados i n

sear ch of exci t ement ent er ed t he f r ay . Most l y t hey wer e i nt er -

est ed i n t he f i ne st r uct ur e of axopl asm and t he appear ance of

possi bl e mechani sms f or axopl asmi c t r anspor t . Paul Bur t on

and col l eagues ( 5) f or med one gr oup and Yamada, Spooner ,

and Wessel l s ( 46) anot her . J . Met uzal s ( 28) , al l al one i n

Ot t awa, was doi ng t he same t ype of wor k . They al l publ i shed

i mages showi ng net wor ks or meshwor ks of sl ender st r ands

bet ween neur of i l ament s and neur ot ubul es. I cannot say t hat

ver y many of t hei r cont empor ar i es wer e convi nced or even

i nt er est ed .

We f i nd compel l i ng t he ar gument t hat somet hi ng i n t he

cel l s has t o account f or t he nonr andomdi st r i but i on of f or med

st r uct ur es such as t he endopl asmi c r et i cul um, t he Gol gi , t he

mi cr ot ubul es, and bundl es of mi cr of i l ament s, i n ot her wor ds,

f or t he or gani zat i on ( 10) . I have al ways been i mpr essed by

t he f act t hat mi cr of i l ament s ( st r ess f i ber s) appear and di sap-

pear as t he cel l moves and changes i t s shape . For me, t her e-

f or e, t her e shoul d be a uni t st r uct ur e, a cyt opl ast , bui l t ar ound

t he cel l cent er and i ncl udi ng a popul at i on of dense bodi es

( mi cr ot ubul e- or gani zi ng cent er s) di st r i but ed i n a manner

char act er i st i c f or t he cel l t ype . The cyt opl ast cont ai ns t he

mor e vi si bl e component s and cont r ol s t hei r assembl y or di s-

assembl y as r equi r ed. Al l t hi s sounds a l i t t l e f ar - f et ched, but

we have been encour aged t o st ay wi t h i t by obser vat i ons of

1 0S

pi gment cel l s, whi ch t el l us t hat i ndi vi dual pi gment gr anul es

have f i xed posi t i ons i n t he mat r i x t hat moves t hem ( 34) .

At t he ver y l east , t he ar gument s f or a st r uct ur ed mat r i x

( and t her e ar e sever al , as ment i oned i n t hi s hi st or y) have

encour aged us t o t ake a l ook, not at r esi n- embedded cel l s, but

at whol e cul t ur ed cel l s dr i ed by t he cr i t i cal - poi nt met hod or

ot her wi se . Havi ng at our di sposal a hi gh- vol t age mi cr oscope

has been a gr eat hel p ( Fi gs. 9- 11) ( 45) .

We have f ound and r epor t ed t hat we can af f ect t he i nt egr i t y

of t he l at t i ce by exposi ng i t t o l owt emper at ur es and t hat t he

l at t i ce i mmedi at el y r et ur ns t o nor mal f or m when t he cel l i s

r ei ncubat ed ( 36) . I t s st r uct ur e changes i n r esponse t o cyt o-

chal asi n and t o var i at i ons i n t he concent r at i on of Ca" and

Mg" i n t he medi um. The r et ur n t o nor mal when nor mal

condi t i ons ar e r est or ed i s amazi ngl y r api d . I t i s, i n a f ew

wor ds, a l i vi ng gel .

Ar t i f act s ar e pr esent , of cour se, but t hey seem not t o be

gr oss . The basi c desi gn and di mensi ons ar e ver y si mi l ar

whet her t he cel l i s chemi cal l y f i xed or pr eser ved by f r eeze-

dr yi ng or f r eeze- subst i t ut i on ( 33) .

I t i s per t i nent t hat t he ci l i um, as an ext ensi on of t he

cyt opl ast , has i t s own l at t i ce consi st i ng of what ar e cal l ed

spokes . They ar e or der ed i n t hei r di sposi t i on and no one

quest i ons t hei r exi st ence i n t he ci l i um. Ther e ar e sever al

l essons t o be l ear ned f r omt hese spokes .

Davi d Luck and col l eagues ( 26) have shown t hat i n some

mut ant s of Chl amydomonas t he spokes ei t her do not exi st or

appear i n some abbr evi at ed f or m. They have det er mi ned by

FI GURE 10

	

St er eo pai r of i mages showi ng t he t hr ee- di mensi onal st r uct ur e of t he cyt opl asmi c mat r i x i n a cul t ur ed NRK cel l af t er

r api d f r eezi ng and dr yi ng f r om t he f r ozen st at e . The pr ocedur e f ol l owed was i dent i cal t o t hat used i n pr epar i ng t he cel l depi ct ed

i n Fi g. 9, except t hat her e t he cel l was not f i xed wi t h gl ut ar al dehyde bef or e f r eezi ng; i t was f r ozen i n pr opane chi l l ed t o - 185° C

and dr i ed whi l e mai nt ai ned at - 95° C. The di mensi ons of t he mi cr ot r abecul ae show gr eat er uni f or mi t y t han i n Fi g . 9 . We i nt er pr et

t hi s i mage as cl osel y r epr esent at i ve of t he l i vi ng st r uct ur e at t he i nst ant of f r eezi ng. The var i at i ons on t hi s shown i n Fi g . 9 pr obabl y

r ef l ect t he dynami c pr oper t i es of t he l at t i ce pl us t he f ai l ur e of gl ut ar al dehyde t o penet r at e r api dl y enough t o st op al l mot i on

i nst ant l y . x 80, 000 .
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FI GURE 11

	

St er eo pai r of a sea ur chi n sper m f l agel l um f i xed i n gl ut ar al dehyde and dr i ed by t he cr i t i cal - poi nt met hod . The

spokes ar e evi dent ( see st ar s) but onl y i n a f ew pl aces and even t her e not cl ear l y i n t he t r i pl et r epeat i ng or der t hat char act er i zes

t hei r di st r i but i on i n t hi n sect i ons . Obvi ousl y t he super i mposi t i on of st r uct ur e cont r i but es t o t he conf usi on i n t he whol e- f l agel l um

mi cr ogr aphs . That , and t he f act t hat t he var i abl e or i ent at i on of t he spokes br i ngs t hei r f ul l - l engt h pr of i l es i nt o t he i mage pl ane

onl y occasi onal l y, account s f or f act t hat t he t ot al spoke ar r ay cannot be seen . x 80, 000 .

t hei r dual genet i c and bi ochemi cal appr oach t hat about 17

di f f er ent pol ypept i des ar e i nvol ved i n t he spoke st r uct ur e .

Though t he or der l y di sposi t i on of t hese pol ypept i des i s r eadi l y

seen i n t hi n sect i ons, i t i s di scer ned wi t h di f f i cul t y i n mi cr o-

gr aphs of t he whol e f l agel l um( Fi g . 11) . I t shoul d not sur pr i se

us, t her ef or e, i f some or der among t he mat r i x t r abecul ae i s

pr esent , t hough not vi si bl e, i n t he mi cr ogr aphs of whol e, t hi ck

cyt opl ast s .

Concl usi ons

I t seems t o me t hat t he evi dence f or a st r uct ur ed cyt opl ast

( mat r i x) i s i ncont r over t i bl e . I t i s st r uct ur ed l i ke a gel t hat

i ncor por at es f or med f i l ament s f or pur poses of gi vi ng di r ect i on

t o i nt r acel l ul ar mot i on, ani somet r y t o cel l f or m, and usef ul

var i at i ons i n vi scosi t y . I t i s a l i vi ng gel , at once dynami c and

capabl e of r espondi ng by st r uct ur al changes t o numer ous

st i mul i and yet pr eser vi ng t he capabi l i t y of r ever t i ng t o a

pr ef er r ed f or m.

The aut hor i s pl eased t o acknowl edge t he suppor t of t he Fogar t y

I nt er nat i onal Cent er dur i ng t he pr epar at i on of t hi s manuscr i pt and

t he or gani zat i on of t he Conf er ence.

Thanks al so go t o Mar y Ul r i ch f or wor k on t he i l l ust r at i ons and

t o Joyce Al ber shei m f or r epeat ed dr af t s of t hi s manuscr i pt .
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