
QUANTI TATI VE REFLECTI ON CONTRAST MI CROSCOPY OF

LI VI NG CELLS

JÜRGEN BEREI TER- HAHN, CECI L H. FOX, and BO THORELL

Fr om t he Ar bei t sgr uppe Ki nemat i sche Zel l f or schung des Fachber ei chs Bi ol ogi e der Johann

Wol f gang Goet he- Uni ver si t ät , Fr ankf ur t amMai n, West Ger many, t he Labor at or y of Bi ochemi st r y,

Nat i onal Cancer I nst i t ut e, Nat i onal I nst i t ut es of Heal t h, Bet hesda, Mar yl and 20014, and t he

Kar ol i nska I nst i t ut et s Pat ol ogi ska I nst i t ut i on, Kar ol i nska Sj ukhuset , St ockhol m, Sweden .

The aut hor s wi sh t o r ecogni ze t he consi der abl e cont r i but i on made t o t hi s paper by t he r evi ewer

appoi nt ed by t he Jour nal , Dr . Gor don W. El l i s, Pr ogr am i n Bi ophysi cal Cyt ol ogy, Uni ver si t y of

Pennsyl vani a, who pr ovi ded us wi t h new i nsi ght i nt o t he pr obl em t hr ough hi s own schol ar l y

i nvest i gat i on of our manuscr i pt .

ABSTRACT

Mammal i an cel l s i n cul t ur e ( BHK- 21, Pt K2, Fr i end, human gl i a, and gl i oma cel l s)

have been obser ved by r ef l ect i on cont r ast mi cr oscopy . I mages of cel l s phot o-

gr aphed at t wo di f f er ent wavel engt hs ( 546 and 436 nm) or at t wo di f f er ent angl es

of i nci dence al l owed di scr i mi nat i on bet ween r ef l ect ed l i ght and l i ght t hat was bot h

r ef l ect ed and modul at ed by i nt er f er ence. I nt er f er ence i s i nvol ved when a change

i n r ef l ect ed i nt ensi t y ( r el at i ve t o gl ass/ medi um backgr ound r ef l ect ed i nt ensi t y)

occur s on changi ng ei t her t he i l l umi nat i on wavel engt h or t he r ef l ect i on i nci dence

angl e . I n cases wher e i nt er f er ence occur s, r ef r act i ve i ndi ces can be det er mi ned at

poi nt s wher e t he opt i cal pat h di f f er ence i s known, by sol vi ng t he gi ven i nt er f er ence

equat i on . Wher e cel l s ar e at l east 50 nmdi st ant f r omt he gl ass subst r at e, i nt ensi t i es

ar e al so i nf l uenced by t hat di st ance as wel l as by t he l i ght ' s angl e of i nci dence and

wavel engt h . The r ef l ect ed i nt ensi t y at t he gl ass/ medi um i nt er f ace i s used as a

st andar d i n cal cul at i ng t he r ef r act i ve i ndex of t he cor t i cal cyt opl asm.

Ref r act i ve i ndi ces wer e f ound t o be hi gher ( 1 . 38- 1 . 40) at poi nt s of f ocal cont act ,

wher e st r ess f i ber s t er mi nat e, t han i n ar eas of cl ose cont act ( 1 . 354- 1 . 368) . I n ar eas

of t he cor t i cal cyt opl asm, bet ween f ocal cont act s, not adher ent t o t he gl ass

subst r at e, r ef r act i ve i ndi ces bet ween 1 . 353 and 1 . 368 wer e f ound . Thi s was t hought

t o r esul t f r om a mi cr of i l ament ous net wor k wi t hi n t he cor t i cal cyt opl asm.

I nt i mat e at t achment of cel l s t o t hei r subst r at e i s assumed t o be char act er i zed by

a l ack of an i nt er medi at e l ayer of cul t ur e medi um.
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The shape of cel l s i n cul t ur e i s a r esul t of t he subt l e

i nt er act i on bet ween t he macr omol ecul ar cyt oske-

l et al or gani zat i on ( 29) , t he cyt opl asmi c membr ane,

and r egi ons of subst r at e adhesi on . The cyt oskel e-

t on i s composed of st r uct ur es t hat mai nt ai n t ensi on

as wel l as f l exi on ( 28) . Tensi l e pr oper t i es ar e pr o-

vi ded by act i n- l i ke f i l ament bundl es ( 22) , f i ne
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f i l ament ous net wor ks ( 27, 31, 13) , or i nt er medi at e

f i l ament l oops and bundl es ( 25, 6) . Mi cr ot ubul es
( 7) and, i n some speci al cases, l i nked act i n f i l a-

ment s ( br ush bor der , acr osomal pr ocess of sper m,

r ef er ence 30) ar e exampl es of st r uct ur es wi t h t he

abi l i t y t o exer t or t o wi t hst and pr essur e ( 25) .

Most ani mal cel l s ar e at t ached t o a sur f ace ( i . e . ,

ot her cel l s, basal l amel l ae, col l agen) . Her e, shape

i s basi cal l y det er mi ned by t he act i on of cont r act i l e

and t ensi l e el ement s i n concer t wi t h zones of adhe-

si on . The i nsensi t i vi t y of cel l spr eadi ng t o col chi -

ci ne ( 15, 14) exempl i f i es t he secondar y r ol e of

mi cr ot ubul es i n mai nt ai ni ng t he shape of i sodi a-

met r i c cel l s . The f or mat i on of asymmet r i c pr oc-

esses, on t he ot her hand, as i n spi ndl e- shaped

f i br obl ast s or neur onal cel l s and t hei r mel anocyt e

der i vat i ves ( 8) , depends on or der ed mi cr ot ubul ar

ar r angement s . Any expl anat i on of cel l shape or i t s

changes dur i ng movement must t her ef or e be based

on t he i nt er act i on bet ween f i l ament s, mi cr ot u-

bul es, adhesi ve zones, and t he l i mi t i ng membr ane .

Whi l e t he ar r angement s of f i l ament s and mi cr o-

t ubul es have been st udi ed by el ect r on mi cr oscopy

( 33, 13) and by i mmunof l uor escence t echni ques

( 20, 32, 25) , el ect r on mi cr oscopy has been t hought

t o be of l i mi t ed val ue f or i nvest i gat i on of cel l

subst r at e at t achment due t o f i xat i on or dehydr a-

t i on ar t ef act s ( 29) .

Sever al at t empt s have been made t o vi sual i ze

t he under si de of cel l s and t hei r at t achment t o

sur f aces at t he l i ght mi cr oscope l evel . Ambr ose

and Jones ( 3) used a r ef l ect i on mi cr oscope ar -

r angement wi t h ver y obl i que i l l umi nat i on t o dem-

onst r at e at t achment si t es of cel l s t o gl ass . I ngr am

( 18) r epor t ed t hat si de vi ews of cel l s wer e not

sui t abl e f or t he st udy of cel l ul ar adhesi on t o gl ass .

Cur t i s ( 9) i nvent ed an i nt er f er ence r ef l ect i on

cont r ast mi cr oscope, based on l ow- angl e, ver t i cal

i l l umi nat i on of t he speci men t hr ough t he obj ect i ve

l ens by a hi gh- i nt ensi t y mer cur y ar c l amp . Onl y a

smal l amount of t hi s l i ght i s r ef l ect ed . The r e-

f l ect ed l i ght , as densi t i es pr oduced on phot o-

gr aphs, was measur ed by a Joyce- Loebl mi cr oden-

si t omet er . Fr omt hese densi t i es, Cur t i s was abl e t o

cal cul at e t he di st ances of t he cel l s f r om t he cov-

er gl ass at speci f i c r egi ons . The met hod was i m-

pr oved by I zzar d and Lochner ( 19, 21) , mai nl y by

i ncr easi ng t he numer i cal aper t ur e of t he i l l umi -

nat i ng syst em. Thi s syst em has al so been used by

Aber cr ombi e and Dunn ( 1) f or t he st udy of adhe-

si on of f i br obl ast s t o a subst r at e dur i ng cont act

i nhi bi t i on, as wel l as by Heat h and Dunn ( 17) and
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Dvor ak ( 10) . Pl oem ( 26) i nt r oduced obl i que i l l u-

mi nat i on by usi ng a r i ng- shaped i l l umi nat i ng ap-

er t ur e and a combi nat i on of l i near and ci r cul ar

pol ar i zed l i ght t o excl ude st r ay l i ght .

We have st udi ed t he at t achment of sever al t ypes

of cel l s t o gl ass wi t h an i mpr oved Lei t z- Pl oem

appar at us i n combi nat i on wi t h el ect r on mi cr os-

copy . I n t hi s paper , we pr esent a t heor et i cal eval -

uat i on of r ef l ect i on cont r ast mi cr oscopy, and dem-

onst r at e i t s use wi t h appr opr i at e cel l ul ar syst ems .

MATERI ALS AND METHODS

Cel l s and Cel l Cul t ur e

( a) BHK- 21 cel l s, a f i br obl ast - t ype l i ne obt ai ned f r om

t he Bundesanst al t f . Vi r uskr ankhei t en der Ti er e, Ti i bi n-

gen ( ki ndl y pr ovi ded by Pr of . Dr . W. Schwobel ) . The

cel l s wer e gr own i n PM 13 medi um( Ser va, Hei del ber g) .
( b) Human gl i a cel l s and human gl i oma cel l s ( obt ai ned
f r om t he Kar ol i nska I nst i t ut et , St ockhol m, ki ndl y pr o-
vi ded by Dr . P. Col l i ns) gr own i n NCTC 199 ( gl ucose-

f r ee) medi um suppl ement ed wi t h 10% di al ysed cal f se-

r umand 10 mMgl ucose . ( c) PI K 2 cel l s ( ki ndl y pr ovi ded

by Dr . Osbor n, Max Pl anck I nst i t ut f . Bi ophysi kal i sche

Chemi e, G6t t i ngen) gr own i n McCoy' s 5A medi um
( Gr and I sl and Bi ol ogi cal Co . , Gr and I sl and, N. Y. ) . ( d)
Fr i end cel l s ( 12) wer e gr own i n MEMAl pha medi um
suppl ement ed wi t h 10%f et al cal f ser um and ant i bi ot i cs

( peni ci l l i n, st r ept omyci n, f ungi zone) , at a concent r at i on

of - - 3 x 10` ' cel l s/ ml ( ki ndl y pr ovi ded by Dr . R. Zucker ,

Papani col aou Cancer Res . I nst . , Mi ami , Fl a . ) .

For mi cr oscope obser vat i ons, al l cel l s except Fr i end
cel l s wer e gr own on cover sl i ps, mount ed ei t her i n Rose
chamber s, i n Dvor ak- St ot l er chamber s ( Zei ss, Ober -
kochen) , or i n a chamber descr i bed by Pl oem ( 26) .

Fr i end cel l s, however , wer e al l owed t o set t l e on pol yl y-

si ne- coat ed cover sl i ps f or 1 h bef or e obser vat i on .

Phot ogr aphi c Met hods

Phot ogr aphs wer e t aken wi t h Combi phot 11 equi p-
ment ( Lei t z, Wet zl ar ) ei t her on I l f or d FP4, 35- mmneg-
at i ve f i l m or on Kodak Tr i - X negat i ve f i l m and devel -

oped i n Mi cr ophen or Mi cr odol , r espect i vel y . Densi t i es

of t he negat i ves wer e r ecor ded wi t h a Joyce- Loebl mi -

cr odensi t omet er ( x 10 obj ect i ve l ens, x20 Sear l e enl ar ge-
ment ) . Zer o was set wi t h t he unexposed par t s of t he f i l m
bet ween f r ames . Cel l - f r ee ar eas r epr esent ed t he r ef er ence
l evel of i nt ensi t i es cal cul at ed f r om Eq . l ( see bel ow) .

Measur ement s of negat i ves t aken of t he same i mage, but
wi t h di f f er ent exposur e t i mes, have been used t o i nsur e

t hat al l gr ey l evel s under nor mal exposur e t i mes wer e i n

t he l i near densi t y r ange .

El ect r on Mi cr oscopy

For el ect r on mi cr oscopy, BHK- 21 cel l s wer e f i xed i n



3%gl ut ar al dehyde ( i n 0. 1 Mphosphat e buf f er , pH 7 . 2)

at r oomt emper at ur e, post f i xed i n 1%phosphat e buf f er ed

OsO, , dehydr at ed i n et hanol and embedded i n Epon-

Ar al di t e . Cel l s wer e r emoved f r omt he gl ass subst r at e by

pl ungi ng i nt o l i qui d ni t r ogen and r e- embedded i n Epon-

Ar al di t e . The Fr i end cel l s wer e f i xed t he same way but

embedded i n Ar al di t e. These pr epar at i ons wer e pr ovi ded

by Dr . M. Cayer ( Papani col aou Cancer Res . I nst . ) .

I nst r ument Desi gn

The r ef l ect i on cont r ast mi cr oscope used f or t hese st ud-

i es consi st s of a Di aver t i nver t ed r esear ch mi cr oscope

( Lei t z, Wet zl ar ) suppl ement ed by a 200- Wmer cur y ar c

i l l umi nat or , a pol ar i zer , and a second col l i mat i ng l ens i n

t he i nci dent i l l umi nat or st and. The HBO200 l amp al l ows

bet t er i l l umi nat i on of t he r i ng- shaped i l l umi nat i ng ap-

er t ur e ( Fi g . l , i . A. ) t han t he mor e ef f i ci ent HBO 100

suppl i ed by t he manuf act ur er . The i mage of t he sour ce

annul us ( i l l umi nat i ng aper t ur e) coi nci des wi t h t he phase

r i ng at t he r ear aper t ur e pl ane of t he obj ect i ve . The

obj ect i ve opt i cal syst em consi st s of a Pl oempak ` 2. 2'

equi pped wi t h a semi r ef l ect i ng pl at e and an anal yzer .

Two phase obj ect i ve l enses ar e avai l abl e wi t h ' / , wave

pl at es at t ached t o t hei r f r ont el ement s wi t h t he sl ow axi s

ocul ar

FI GURE l

	

Di agr amof t he Lei t z- Pl oem r ef l ect i on con-

t r ast syst em. Li ght f r om a mer cur y ar c l amp ( LS) pene-

t r at es a r i ng shaped i l l umi nat i ng aper t ur e ( i A) , and i s

l i near l y pol ar i zed by a pol ar i zer ( P) . The f i el d l i mi t i ng

aper t ur e ( f A) i s f ocused i n t he obj ect pl ane . A semi r e-

f l ect i ng pl at e ( RP) di r ect s t he beam t o t he obj ect i ve l ens

( L) wi t hout any change i n pol ar i sat i on . The l i ght i s

pr oj ect ed on t he obj ect ( O) , wher e i t has t he i nt ensi t y IzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� .

Aquar t er wave pl at e ( Jt / 4) causes ci r cul ar pol ar i sat i on

of t he i l l umi nat i ng beam and l i near pol ar i sat i on of t he

r ef l ect ed beam ( ht ) , but wi t h a 90° di f f er ence i n t he

di r ect i on of pol ar i sat i on . Ther ef or e, I , t penet r at es t he

anal yzer ( A) cr ossed t o t he pol ar i zer . Li ght r ef l ect ed

f r om t he l ens sur f aces ( beam exempl i f i ed bet ween t he

mai n pat hs) wi t h unal t er ed pol ar i sat i on does not cr oss

t he anal yzer . To si mpl i f y t he di agr am, onl y one par t of

t he l i ght beam penet r at i ng i . A. i s f ol l owed .

at 45° t o t he pol ar i zer ' s di r ect i on ( Fi g. 1) : an oi l i mmer -

si on X100 NA 1 . 30 and a x40 1 . 00 . The dar k cent r al

par t of t he r i ng- shaped i . A . exceeds t he out er di amet er

of t he phase r i ng . Ther ef or e, t he phase r i ng does not

appr eci abl y i nf l uence t he r ef l ect i on cont r ast i mage . The

combi ned phase- r ef l ect i on opt i cs al l ow an easy compar -

i son of ei t her phase or r ef l ect i on cont r ast i mages of a cel l

si mpl y by changi ng i l l umi nat i ng syst ems .

The i l l umi nat i ng aper t ur e gr at i ngs pr ovi ded by t he

manuf act ur er gi ve l i mi t ed possi bi l i t i es f or t he i ncr eased

i l l umi nat i ng aper t ur es t hat ar e essent i al f or el i mi nat i ng

l ower or der i nt er f er ence. For t hi s pur pose, a new aper -

t ur e r i ng was const r uct ed t hat consi st ed of a cent r al ci r cl e

8 mmwi de and an out er r i ng of 10 mm. I n connect i on

wi t h t he X100 obj ect i ve l ens, t hi s al l ows t he use of an

i nci dence angl e of 34. 9° - 45 . 9° , whi ch r epr esent s a con-

si der abl e i ncr ease over t he 11 . 8° - 30 . 1° aper t ur e pr o-

vi ded by t he manuf act ur er . The hi gher i l l umi nat i ng ap-

er t ur e al l ows i mpr oved quant i t at i ve est i mat i ons of cel l

at t achment .

I nt er pr et i ng t he Ref l ect i on Cont r ast I mage

I nt er pr et at i on of i mages gener at ed by r ef l ect i on con-

t r ast mi cr oscopes i s enhanced and si mpl i f i ed i f one di f -

f er ent i at es bet ween si mpl e r ef l ect ed l i ght and i nt er f er -

ence pr oduced by r ef l ect ed l i ght .

PARTI CI PATI ON OF REFLECTI ON AND I NTER-

FERENCE I N I MAGE FORMATI ON: I nasyst emwher e

cel l s ar e gr owi ng on a gl ass sur f ace, onl y f our i nt er f aces

ar e of maj or i mpor t ance as a sour ce of r ef l ect i on ( Fi g . 2)

when oi l i mmer si on obj ect i ves ar e used. These ar e: ( a)

gl ass/ cel l ( gc) , ( b) gl ass/ cul t ur e medi um( gm) , ( c) cul t ur e

medi um/ cel l ' s l ower sur f ace ( mc) , ( d) cel l ' s upper sur -

f ace/ cul t ur e medi um ( cm) .

The r el at i ve i nt ensi t y ( R) of t he r ef l ect ed l i ght ( I , ) at

an i nt er f ace bet ween t wo medi a as a f unct i on of t he

i nci dent l i ght ( I � ) i s obt ai ned f r om t he r ef r act i ve i ndi ces

n, and no as i n :

FI GURE 2 Schemat i c r epr esent at i on of t he mai n r e-

f l ect i ng i nt er f aces i n a cel l pr epar at i on on a cover gl ass .

The t hi ck ar r ows i ndi cat e t he i nci dent beams, t he t hi n

ar r ows, t he r ef l ect ed beams wi t h t he r el at i ve i nt ensi t y R.

The suf f i xes i ndi cat e t he opt i cal medi a f or mi ng t he

i nt er f ace . The phase of R. , i s shi f t ed f or Jt / 2 at t he

r ef l ect i ng sur f ace .
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I f t he f ol l owi ng r ef r act i ve i ndi ces f or t he t hr ee opt i -

cal l y di f f er ent phases i n cul t ur es ar e: gl ass, nk = 1 . 5150,

cul t ur e medi um nm = 1 . 3371, and cel l s n° = 1 . 370 ( 30) ,

t hen t he gr eat est di f f er ence i n t he r ef r act i ve i ndi ces

occur s at t he gl ass/ medi um i nt er f ace .

The r el at i ve val ues f or t he r ef l ect i vi t y of t he di f f er ent

i nt er f aces can be cal cul at ed accor di ng t o Eq . 1, demon-

st r at i ng t hat cel l - f r ee ar eas ( gl ass/ medi um i nt er f aces)

r epr esent t he br i ght est zones . Thus, l i ght i nt ensi t i es i n a

r ef l ect i on cont r ast mi cr oscope i mage whi ch ar e hi gher

t han t he i nt ensi t y at t he gl ass/ medi um i nt er f ace, i . e. ,

br i ght er , must be due t o i nt er f er ence, whi l e l ower i nt en-

si t i es, i . e. , dar ker ar eas, can be ei t her due t o i nt er f er ence

or t o i ncr eased r ef l ect i vi t y at t he gl ass/ cel l i nt er f ace. I n

an i mage composed of r ef l ect ed r ays modul at ed i n i nt en-

si t y by i nt er f er ence wi t h each ot her , t he cel l - f r ee ar eas

can be used as a r ef er ence f or t he cal cul at i on of i nt ensi -
t i es i n ot her r egi ons of t he pr epar at i on pr ovi ded, as her e,

t he use of ci r cul ar l y pol ar i zed l i ght has avoi ded t he

pr obl em of pol ar i zat i on- dependent r ef l ect i on .

CALCULATI ON OF THE REFRACTI VE I NDEX OF

THE CORTI CAL CYTOPLASM BY MEASUREMENT OF

I TS REFLECTI VI TY: To use r ef l ect i vi t y f or cal cul a-

t i ons, al l r ef l ect ed l i ght must be gat her ed by t he obj ect i ve
l ens .

I n t he Lei t z- Pl oem syst em t he i l l umi nat i ng beam i s

l i mi t ed by a r i ng- shaped aper t ur e si mi l ar t o t hat used

f or phase cont r ast i l l umi nat i on, coi nci dent wi t h t he back

pl ane of t he obj ect i ve . When a speci men i s uni f or ml y

i l l umi nat ed by obl i que r ays emanat i ng f r om t he f r ont

sur f ace of t he obj ect i ve, al l l i ght r ef l ect ed f r oma per pen-
di cul ar sur f ace wi l l be col l ect ed by t he l ens . When t he

sur f ace i s not per pendi cul ar t o t he opt i cal axi s, t he

r ef l ect ed l i ght wi l l be r ecover ed onl y i f t he i l l umi nat i ng

angl e i s smal l er t han t he angul ar aper t ur e of t he obj ec-

t i ve .

N N

	

~ . ( 2)
l - rzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� 1+

Eq . 2 i s der i ved f r om Eq . 1 f or r ef l ect i vi t y ( R) , wher e

R� , . i s t he r ef l ect i on i nt ensi t y ( a posi t i ve or negat i ve val ue

dependi ng on t he r el at i on bet ween t he t wo r ef r act i ve

i ndi ces) and r K, t he ampl i t ude r ef l ect ance coef f i ci ent .

Fi gs . 6 and 9 i l l ust r at e t he det er mi nat i on of R. , by

densi t omet r y of a phot ogr aphi c i mage . Fi l mdensi t y over

backgr ound i n cel l - f r ee ar es of t he pr epar at i on i s set f or

0. 398% ( r ef l ect i on at t he gl ass/ medi um i nt er f ace, f r om

Eq . l , wher e nm = 1 . 3371, so t hat R, ; , = 0 . 398% of L, ) .

EVALUATI ON OF I NTERFERENCE PHENOMENA:

When a cel l at t ached t o a cover gl ass i s obser ved, r ays

r ef l ect ed f r omt he medi um/ cel l or cel l / medi um i nt er f ace

can i nt er f er e wi t h r ays r ef l ect ed f r om t he gl ass/ medi um

i nt er f ace. The hi ghest of t hese r ef l ect i on i nt ensi t i es, as

al r eady st at ed, occur s at t he gl ass/ medi um i nt er f ace .

Consequent l y, br i ght ness l evel s hi gher t han t hose at t hi s

i nt er f ace can onl y be pr oduced by i nt er f er ence . On t he
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ot her hand, dar ker ar eas may be caused ei t her by par t i al

ext i nct i on due t o i nt er f er ence or t o a di mi ni shed r ef l ec-

t i vi t y wher e a cel l i s i n cont act wi t h t he cover gl ass. The

i nt ensi t y ( I ) of a composi t e beam r esul t i ng f r om i nt er -

f er ence of t wo beams r ef l ect ed at di f f er ent i nt er f aces

( gl ass/ medi um or medi um/ cel l ) can be cal cul at ed by t he

expr essi on :

J =
i n� - nm

t
n° - nm

x cos
41r n . " d cos ß

( ng + nm

	

n° + nm
' ( 3)

z

+

	

n, - nm
x si n

41r n . " d cos ß

n. + nm

whi ch i s der i ved f r omt he cal cul at i ons r esul t i ng f r om t he

i nt er f er ence of t wo par al l el coher ent beams ( 23) . I n t hi s

f or mul a :

4a . n md cos , 8

= pat h di f f er ence bet ween t he i nt er f er i ng beams .

ß = t he angl e of i nci dence at t he r ef l ect i ng sur f ace . t

_ ( - ) phase shi f t of X/ 2 f or t he r ef l ect i on f r om opt i cal l y

denser medi um, i . e. , at a medi um/ cel l i nt er f ace, ( +)

i nt er f ace wi t h r ef l ect i ng medi um of l ower r ef r act i ve i n-

dex, i . e . , t he gl ass/ medi um i nt er f ace. d = di st ance be-
t ween gl ass and cel l sur f ace f i l l ed wi t h cul t ur e medi um

wi t h t he r ef r act i ve i ndex n m.

To use t hi s f or mul a ( Eq . 3) f or quant i t at i ve measur e-

ment s, t he angl e ß, t he wavel engt h of t he monochr omat i c

i l l umi nat i on and t he r ef r act i ve i ndex of t he r ef l ect i ng

cel l sur f ace must be known .

The r ef r act i ve i ndex of cor t i cal cyt opl asmnot i n con-

t act wi t h t he subst r at e can be est i mat ed accor di ng t o Eq .

2 . Ar eas t hat appear br i ght on phot ogr aphi c pr i nt s ( Fi gs .

8 b and 9) ar e due t o t he summat i on ( i nt er f er ence) of

r ays r ef l ect ed at t he gl ass/ medi um i nt er f ace and t he

medi um/ cel l i nt er f ace .

An opt i cal pat h di f f er ence of T' = a bet ween t he

i nt er f er i ng beams i s assumed t o f aci l i t at e cal cul at i on :
The i nt ensi t y r esul t i ng f r om t he i nt er f er ence of t wo

coher ent beams wi t h a phase di f f er ence of a equal s

( VKgm ± ~_Rm° ) 2 . Rm° i s used i n Eq . 2 f or t he cal cul at i on

of t he r ef r act i ve i ndex of t he cel l at t he medi um/ cel l

i nt er f ace . Coher ence can be assumed f or smal l l at er al

di st ances bet ween t he i nt er f er i ng beams r , , m and r _ and

smal l opt i cal pat h di f f er ences ( l t o 2a) .

I n t he Lei t z- Pl cem syst em, t he angl e of i l l umi nat i on

( a) r anges bet ween 10 . 6° and 30. 5° wi t h t he x40 obj ec-

t i ve and f r om 11 . 8' t o 30 . 1' wi t h t he X100 l ens . Thi s

r ange i s det er mi ned by t he wi dt h of t he r i ng- shaped

aper t ur e i n t he i l l umi nat i ng aper t ur e . Wi t h t he commer -

ci al l y equi pped syst em, consi der i ng t he r ef r act i on l aw,

t he r eal angl e of i nci dence at a medi um/ cel l i nt er f ace

( ß) per pendi cul ar t o t he opt i cal axi s r anges f r om 12 . 1°

t o 35 . 2 ° f or t he x40 and f r om 13 . 4° t o 34 . 8° f or t he



x 100 l ens . The di f f er ences i n cos ß ( 0. 98/ 0. 82 and 0. 97/

0 . 82) i nf l uence t he phase di f f er ences bet ween t he i nt er -

f er i ng r ays and cause a l oss i n cont r ast of hi gher or der

i nt er f er ence f r i nges . The i mpr eci se def i ni t i on of ß makes

an exact det er mi nat i on of d ( di st ance bet ween gl ass and

cel l sur f ace) i mpossi bl e . Never t hel ess, t hi s di st ance can

be est i mat ed f r om t he opt i cal pat h di f f er ence at X/ 2

i nt er val s wi t h suf f i ci ent accur acy f or most bi ol ogi cal

pur poses by :

wher e A/ 2 r epr esent s t he phase shi f t at t he medi um/ cel l

i nt er f ace .

Cal cul at i ons of cel l / gl ass di st ance based on t he i nt en-

si t y of a beam r esul t i ng f r om t he i nt er f er ence of r ays

r ef l ect ed by t he gl ass/ medi um and t he medi um/ cel l

i nt er f aces ( 9) ar e r est r i ct ed t o cel l s of known cor t i cal

cyt opl asm r ef r act i ve i ndex . The uncer t ai nt y of t hi s val ue

pr ohi bi t s any accur at e cal cul at i on of cel l / gl ass di st ance

based on i nt ensi t y measur ement s at a si ngl e wavel engt h .

Eval uat i on i s onl y possi bl e i n st eps of A/ 2, wher e t he

phase di f f er ence can be di r ect l y r ecor ded ( Eq. 4) , or wi t h

a t wo wavel engt h syst em.

DI SCRI MI NATI ON BETWEEN REFLECTI ON AND

I NTERFERENCE : Ref l ect i on andi nt er f er ence phenom-

ena may be separ at ed f r om each ot her by var yi ng t he

opt i cal condi t i ons of t he syst em. The t wo si mpl est met h-

ods consi st of usi ng ei t her a t wo- wavel engt h met hod or

di f f er ent i l l umi nat i ng aper t ur es . I n t he f i r st case, t he

i nt ensi t y of r esul t i ng i nt er f er ence i s al t er ed due t o di f f er -

d
=

( I ' - X/ 2)

	

( 4)

2nzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� , " cos, R'

r ef r eet i ve i n. . . I . I

	

as

FI GURE 3

	

Rel at i on bet ween t he r ef r act i ve i ndex ( n) of
t he nonabsor bi ng speci men and t he r el at i ve i nt ensi t y of
r ef l ect ed l i ght ( r ef l ect i vi t y) at t he i nt er f ace t o gl ass ( n,
= 1 . 515, RK � ) and medi um ( n = 1 . 3371, Rm� ) . The ci r cl ed
dot ( upper l ef t cor ner ) i ndi cat es t he r ef l ect i vi t y at t he

gl ass/ medi um i nt er f ace. RK� can be used t o det er mi ne

t he r ef r act i ve i ndex of cel l ul ar r egi ons, whi ch ar e i n

i nt i mat e cont act wi t h t he gl ass . R� � , i s t he i nt ensi t y

avai l abl e f or t he modul at i on of R, ( ci r cl ed dot ) by

i nt er f er ence .

ences i n t he appar ent opt i cal pat h l engt h . Fi g . 4 shows

t he ef f ect of phot ogr aphi ng cel l s i n gr een ( 546 nm) and

bl ue ( 436 nm) l i ght . Al l r egi ons of t he cel l whi ch ar e not

i n di r ect cont act wi t h t he gl ass exhi bi t an al t er ed i nt en- ,

si t y, wher eas cont act zones r emai n unchanged. To a f i r st

appr oxi mat i on t he i nt ensi t y of r ef l ect i on i s i ndependent

of t he wavel engt h of t he i l l umi nat i ng beam, so t hat
i nt er f er ence phenomena ar e al t er ed by t he change i n
wavel engt h whi l e t he i nt ensi t y of r ef l ect i on i s not . Opt i -

cal di sper si on causes a change of r ef r act i ve i ndex of

cul t ur e medi um i n t he r ange of 0 . 0001- 0 . 0004 bet ween

wavel engt hs of 546 nm and 436 nm. The di sper si on of

t he gl ass i s al so negl i gi bl e because t he det er mi nat i on of

gl ass/ cel l r ef l ect i vi t y i s al ways r el at ed t o t he gl ass/ me-
di um r ef l ect i vi t y . The opt i cal di sper si on of t he cel l i s
unknown but can be est i mat ed t o be i n t he same r ange

as a ser um- cont ai ni ng medi um.

Fi g . 5 shows t he r esul t s of empl oyi ng t he second
met hod of vi sual i zi ng cel l - subst r at e at t achment , i . e . , al -

t er i ng t he i l l umi nat i ng aper t ur e . As wi t h t he t wo- wave-

l engt h met hod, poi nt s of di r ect cont act ar e cl ear l y del i n-
eat ed whi l e i nt er f er ence causes ot her par t s of t he cel l t o
di sappear or appear wi t h al t er ed i nt ensi t i es . Hi gher or der
i nt er f er ences caused by t he cel l / medi um i nt er f ace al so
di sappear .

The use of opt i cal var i abl es ( e . g. , di f f er ent wave-

l engt hs or i l l umi nat i ng aper t ur es) i s a val uabl e met hod

f or det er mi ni ng t he at t achment poi nt s of cel l s t o a gl ass
subst r at e . The t wo- wavel engt h met hod used her e al l ows

one t o det er mi ne whi ch ar eas ar e i n di r ect cont act , usi ng

r ef l ect i on, and whi ch ar eas ar e not i n di r ect cont act ,

usi ng i nt er f er ence . Fur t her , obser vat i ons of di r ect cont act

made wi t h t he t wo- wavel engt h met hod may be r eadi l y
conf i r med by changi ng t he i l l umi nat i ng aper t ur e and

vi ce ver sa. Whi l e opt i cal met hods cannot det er mi ne
whet her cel l s ar e at t ached t o t he gl ass vi a an i nt er medi at e
pad of gl ycopr ot ei n ( 29) , t he i nt i macy of t he at t achment
poi nt s as det er mi ned by t he t wo- wavel engt h met hod i s
cl ear , and i s char act er i zed by t he absence of cul t ur e

medi um bet ween t he gl ass sur f ace ( or pr ot ei n f i l m) and

t he cel l .

APPROXI MATI ON OF THE LI MI TS OF THE

REFLECTI ON I NTERFERENCE SYSTEM USED : Fi r st ,
t he degr ee of backgr ound i nt ensi t y modul at i on necessar y
f or a cl ear i nt ensi t y det er mi nat i on by densi t omet r y of a
f i l m negat i ve was est i mat ed t o be 10%. Thi s i s due t o t he
modul at i on of RK� , by R� � . For t he pur pose of appr oxi -

mat i on, a maxi mal val ue of 1 . 45 f or t he r ef r act i ve i ndex

of t he cyt opl asm adj oi ni ng t he at t achment poi nt s was
chosen ( cor t i cal cyt opl asm) . I f l i ght at a wavel engt h of
546 nmwi t h ver t i cal ( / 3 = 0° ) i l l umi nat i on was used, t hi s
mi ni mal 10% modul at i on woul d occur f or a gl ass/ cel l
di st ance of 0 . 12 A or 65 nm ( cal cul at ed f r om Eq . 1) . I f
t he i l l umi nat i on was at an angl e of 30° , a di st ance of 52
nmcoul d be det ect ed . For a r ef r act i ve i ndex of 1 . 40, t he
val ues wer e al t er ed t o 200 nm at 546 nm wi t h 30 °
i l l umi nat i on . Wi t h a shi f t t o a l ower wavel engt h ( 436
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Cal cul at i ons based on r ef l ect i on cont r ast densi t o-
gr ams accor di ng t o Eq . 2 show t hat t her e ar e t hr ee

di f f er ent r egi ons of opt i cal densi t y pr oduced by

t he cyt opl asml yi ng over t he suppor t i ng subst r at e :

( a) Regi ons cl osel y at t ached t o t he subst r at e but

wi t hout speci al di f f er ent i at i ons ( cl ose cont act s)

show a r ef r act i ve i ndex bet ween 1 . 354 and 1 . 368
( i n BHK- 21 cel l s, Fi g . 6) . These val ues cor r espond

t o a r el at i ve dr y mass of bet ween 12%and 20%
( cal cul at ed on t he basi s of a speci f i c r ef r act i ve
i ncr ement = 0. 0018, [ l 6, 11, 24, 311) . ( b) I n f ocal
cont act s ( Fi gs . 6 and 7) , wher e st r ess f i ber s t er mi -

nat e ( 17) , t he r ef r act i ve i ndex r anges f r om 1 . 38 t o

772

FI GURE 4

	

I nf l uence of t he wavel engt h on t he r ef l ect i on cont r ast mi cr oscope i mage of a Pt K 2 cel l .
I l l umi nat i on condi t i ons : ( a) monochr omat i c l i ght , 546 nm, ( b) bl ue l i ght , mai nl y of 436 nm: BG 12, BG
38, HBO200 mer cur y l amp . Di st i nct di f f er ences occur pr edomi nant l y i n t he l amel l i podi a ( upper par t of
t he cent r al cel l and l ower r i ght r egi on of t he cel l at t he l ef t mar gi n) and t he nucl eus ( n) . The dar ker spot s

( ar r owheads) and t he br oad medi um gr ey zone ( ar r ow) r emai n near l y unchanged . Bar , 10 , um.

nm) , a separ at i on of 160 nm was det ect abl e wi t h a
cel l ul ar r ef r act i ve i ndex of 1 . 40 and 30° i l l umi nat i on .
Whi l e t he r el at i onshi p bet ween absol ut e val ues f or r e-
f r act i ve i ndex and r ef l ect i vi t y i s shown i n Fi g . 3, t hese

may depend on t he angl e of i l l umi nat i on . The val ues

used her e ar e based on compar at i ve est i mat i ons of RK, .
( or R) f r om R, and t hus di f f er l ess t han t he absol ut e
val ues . Measur ement s at angl es i n excess of 35 ° wer e not
used f or quant i t at i ve cal cul at i ons .
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1 . 40, whi ch i s equi val ent t o r el at i ve dr y mass

concent r at i ons of 27%t o 38%. ( c) Regi ons of t he
cel l bet ween f ocal cont act s and not i n di r ect con-
t act wi t h t he subst r at e exhi bi t r ef r act i ve i ndi ces

f r om 1 . 353 t o 1 . 368 ( Fi gs . 8 and 9) , cor r espondi ng

t o 11%t o 19%r el at i ve dr y mass concent r at i on .

El ect r on mi cr ogr aphs of at t ached BHK- 21 cel l s

cut ver t i cal l y conf i r m t he l i ght mi cr oscope f i nd-

i ngs, t hat i s, por t i ons of t he cel l di r ect l y above

f ocal cont act s ( Fi g . 10) show a consi der abl e i n-

cr ease i n t he appar ent densi t y of t he cyt opl asm

cor r espondi ng r oughl y t o t he i ncr ease i n r ef r act i ve

i ndex det ect ed by l i ght mi cr oscopy .

Wher e cl ose cont act s ar e f ound i n el ect r on mi -

cr ogr aphs, t he cyt opl asm i s l ess dense ( Fi g . 11)

due i n par t t o a decr ease i n t he amount s of f i br i l l ar

st r uct ur es but al so t o a decr ease i n t he amount s of

dense amor phous cyt opl asmi c subst ance .
I n por t i ons of t he cor t i cal cyt opl asm bet ween

f ocal cont act s, wher e t her e i s no i nt i mat e cont act

wi t h t he subst r at e, t he cyt opl asm i s char act er i zed

by a f i ne f i l ament ous mat er i al ( Fi g. 12) . The hi gh

var i abi l i t y of r ef r act i ve i ndi ces i n t hi s r egi on and

i n zones of cl ose cont act i s pr obabl y due t o di f f er -



FI GURE 5

	

I nf l uence of t he i l l umi nat i ng aper t ur e ( i A) on t he appear ance of PI K 2 cel l s i n t he r ef l ect i on

cont r ast mi cr oscope . ( a) 0. 31- 0. 76 i A, obj ect i ve X100; ( b) same obj ect i ve l ens, 0. 87- 1 . 09 i A. The nucl eus

( n) has near l y di sappear ed ; onl y poi nt s of at t achment appear bl ack ( ar r owheads) ; t he spat i al r el at i ons of

adj acent cel l s ar e cl ear l y def i ned ( dar k: cl ose t o t he gl ass, br i ght : nonadher i ng zones wi t h gr eat er di st ance

t o t he gl ass) ; t he f ocal dept h i s smal l er , t her ef or e l ess i nf l uence of deeper cyt opl asmi c r egi ons and f ewer

r egi ons i n f ocus. Bar , 10 pm.

FI GURE 6

	

( a) BHK- 21 cel l i n r ef l ect i on cont r ast , obj ect i ve x 100. Abr oad gr ey ar ea i ndi cat es t he r egi on

of smoot h, i nt i mat e cont act t o t he gl ass. Rod- shaped f ocal cont act s occur i n t he per i pher y of t he cel l . The

nucl eus ( n) i s vi si bl e . At br i ght mar gi ns or spot s t he cyt opl asm does not t ouch t he cover gl ass. Ar r ows

i ndi cat e t he scanni ng l i ne f or t he densi t ogr ams . ( b and c) Densi t ogr ams t hr ough t he negat i ve of a. b at

posi t i on I , c at posi t i on 2 . For f ur t her expl anat i on see t ext .
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FI GURE 7

	

Ref l ect i on cont r ast mi cr oscope i mage of a
human gl i a cel l ( obj ect i ve x100) . Fi br i l s ( st r ess f i ber s)
ar e r unni ng i nt o t he dar k at t achment pl aques ( f ocal

cont act s) at t he cel l mar gi n . Thr ead- l i k) v , . pr ocesses ar e
st r ai ght f or war d pr ot r udi ng f r om t he cel l . The ar e com-
mon i n most t i ssue cul t ur e cel l s ( see al so Fi g. 8) , and can
har dl y be det ect ed by phase cont r ast mi cr oscopy . Not h-
i ng i s known about t hei r f unct i on . Bar , 10 Am.

ences i n t he densi t y of t hi s cor t i cal f i l ament l ayer .

I n Fr i end er yt hr ol eukemi a cel l s and mot i l e l ym-

phocyt es t her e i s no f or mat i on of f ocal cont act s

( Fi g . 9) . The cent r al par t of t he Fr i end cel l s'

cyt opl asm adher ent t o pol yl ysi ne- coat ed cover -

gl asses was det er mi ned t o have a r ef r act i ve i ndex

of 1 . 3632 ( 17% r el at i ve dr y mass) . The mar gi nal

cyt opl asmi c bor der of t hese cel l s, whi ch i s com-

posed excl usi vel y of a f i ne f i l ament ous net wor k

( Fi g . 13) , has a r ef r act i ve i ndex of 1 . 38 ( 28- 29%

r el at i ve dr y mass) . Whi l e t hi s f i l ament ous net wor k

i s conf l uent wi t h a cor t i cal net wor k wher e t he cel l
i s i n cont act wi t h t he medi um, no such f i l ament ous

l ayer i s seen wher e t he cent r al cyt opl asm i s at -

t ached t o t he gl ass ( Fi g . 13) . I nst ead, bot h Fr i end

cel l s and mot i l e l ymphocyt es appear t o at t ach vi a

cl ose cont act s, especi al l y when cul t i vat ed on pol -

yl ysi ne- coat ed sur f aces .
The f i br obl ast oi d BHK- 21 cel l s and Pt K2 cel l s,

however , exhi bi t ed smal l el ongat ed at t achment

zones ( f ocal cont act s, r ef er ence 19) as wel l as br oad
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adhesi on zones ( cl ose cont act s, r ef er ence 19) . Fi -

br i l l ar ar r ays ( st r ess f i ber s) t er mi nat e i n t he f ocal

cont act s ( Fi g . 7) as was demonst r at ed by Heat h
and Dunn ( 17) . Focal cont act s wer e al so f ound i n

human gl i a cel l s and i n t he gl i oma cel l l i ne ( Fi g .

8) .

BHK- 21 cel l s pr epar ed f or el ect r on mi cr oscopy

and cut i n cr oss- sect i on show a br oad r ange of cel l

t o subst r at e separ at i ons. I n addi t i on, t he sur f ace
of t he subst r at e appear s t o be cover ed by a f i l m

t hat may r epr esent t he pr ot ei n f i l m pr oposed by

Revel and Wol ken ( 29) . The di st ance bet ween t he

cel l membr ane and t hi s f i l m r anges f r om i nt i mat e

cont act ( <20 nm) at poi nt s of f ocal cont act up t o

one or mor e mi cr ons . The most common separ a-

t i ons wer e t hose ar ound 70 nm ± 10 and bet ween

150 and 200 nm. However , i t shoul d be poi nt ed

out t hat shr i nkage ar t ef act s caused by f i xat i on,

dehydr at i on and embeddi ng f or el ect r on mi cr os-

copy ar e not r i gi dl y cont r ol l abl e .

DI SCUSSI ON

Whi l e our st udi es usi ng r ef l ect i on cont r ast i mages

di f f er i n appr oach f r om t hose pr evi ousl y r epor t ed

by Cur t i s ( 9) and I zzar d and Lochnar ( 19) , t hey

bot h suppor t and ext end t hese val uabl e cont r i bu-

t i ons . The pr i nci pal di f f er ence l i es i n t he i nt er pr e-

t at i on of t he nat ur e of t he di r ect cont act s bet ween

cel l and gl ass . Whi l e our opt i cal met hods cannot

det er mi ne whet her cel l s ar e at t ached t o t he gl ass

vi a an i nt er medi at e pad of gl ycopr ot ei n ( 29) , t he

i nt i macy of t he at t achment poi nt s as det er mi ned

by t he t wo- wavel engt h met hod i s cl ear , and may

be char act er i zed as t he absence of cul t ur e medi um

bet ween t he gl ass sur f ace ( or pr ot ei n f i l m) and t he

cel l . I ndeed, l ack of a medi um l ayer at si t es of

di r ect cont act may expl ai n why I zzar d and Loch-

ner ( 19) wer e unabl e t o det ect al t er at i ons i n t he

br i ght ness of dar k at t achment zones af t er changi ng

t he r ef r act i ve i ndex of t he cul t ur e medi um. These

ar eas of di r ect cont act wi t h t he suppor t i ng gl ass

sur f ace pr ovi de an oppor t uni t y f or accur at e and

si mpl e det er mi nat i ons of t hei r r ef r act i ve i ndex .

The act i nomyosi n nat ur e of cor t i cal f i l ament s i n

cul t ur ed mammal i an cel l s i s wel l est abl i shed ( l 3,

33, 27) . Cel l ul ar r egi ons i n cont act wi t h t he sub-

st r at e have a l ower r ef r act i ve i ndex at br oad r e-

gi ons of at t achment ( cl ose cont act s) t han at f ocal

cont act s . Fur t her , measur ement s r eveal r ef r act i ve

i ndi ces ( cor r espondi ng t o 11- 19% dr y mass) f or

non- at t ached r egi ons of t he cor t i cal cyt opl asm i n

BHK- 21, human gl i oma, and Fr i end cel l s, whi ch



FI GURE 8

	

Human gl i oma cel l s ; ( a) phase cont r ast . ( b) r ef l ect i on cont r ast . I n b, at t achment pl aques ar e

cl ear l y vi si bl e, whi l e t he r uf f l i ng ( on t he medi um si de of t he cel l ) i s onl y seen i n phase cont r ast ( a) . Bar ,

100 Yi n.
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FI GURE 9

	

( a) Er yt hr ol eukaemi c cel l s ( Fr i end cel l s) i n
r ef l ect i on cont r ast . The cent r al cyt opl asm i s sur r ounded
by a dar k mar gi nal cyt opl asmi c bor der , whi ch i s de-
t ached f r om t he suppor t i ng gl ass at t he br i ght ar eas .
Most of t he cent r al cyt opl asm appear s homogeneousl y
gr ey . ( b) Densi t ogr am t hr ough t he cel l of a, as i ndi cat ed
by t he ar r ow l i ne . Bar , 10 j Lm.

cor r espond t o t hose of cl ose cont act s .

These obser vat i ons may be summar i zed as f ol -

l ows : ( a) Br oad cl ose cont act ar eas wi t h l ow r e-

f r act i ve i ndex ei t her l ack a cor t i cal f i l ament ous

net wor k ( as i n t he cent r al ar eas of Fr i end cel l s) or

have such a net wor k i n a r el axed st at e . ( b) Focal
cont act s anchor st r ess f i ber s t o t he subst r at e ( 17) .

Pr ot ei n as wel l as some dense subst ance at t he
poi nt of at t achment ar e r esponsi bl e f or a r el at i vel y

hi gher r ef r act i ve i ndex ( 1 . 38- 1 . 40) t han i s seen i n

cl ose cont act s . ( c) The l ar ge r ange of val ues ob-

t ai ned f or t he cor t i cal cyt opl asmi n ar eas bet ween
f ocal cont act s and i n t he cl ose cont act s may be
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i nf l uenced by t he or gani zat i on and t he cont r act i on
of t he f i l ament ous net wor k . Such a cont r act i on

coul d cause t ensi on bet ween t he at t achment poi nt s

( 28) .

Rees et al . ( 28) have di scussed t he i mpor t ance
of cel l ul ar st i f f ness f or at t achment . Thi s st i f f ness

i s pr obabl y due, at l east i n par t , t o cont r act i on of
t he cor t i cal f i l ament ous net wor k of t he cel l s . Beck

et al . ( 4) , i n suppor t of t hese obser vat i ons, f ound

t hat t he amount of pr ot ei n per uni t ar ea i n t hr eads

of r andoml y or gani zed and pur i f i ed act i nomyosi n
i ncr eased 18- f ol d af t er cont r act i on .

The r ef l ect i ve pr oper t i es of a cel l at a gl ass/ cel l

i nt er f ace or a cel l / medi um i nt er f ace may be due

t o ( a) r ef l ect i on f r om t he pl asma membr ane and

t he adher ent gl ycocal yx, ( b) r ef l ect i on f r om t he

cor t i cal cyt opl asm, or ( c) t he cyt opl asm bei ng

physi cal l y homogeneous .

Si nce a phosphol i pi d doubl e l ayer at an ai r /

wat er i nt er f ace act s as a r ef l ect i ng medi um, t he

f i r st of t he above possi bi l i t i es seems t he most

l i kel y . The pl asma membr ane does not appar ent l y

f or m a second i nt er f ace wi t h t he cyt opl asm, per -

haps because t her e i s an i nt i mat e connect i on be-

t ween membr ane pr ot ei ns and t he cor t i cal f i l a-

ment ous net wor k . Thus, t he opt i cal pr oper t i es of

t he cel l at an i nt er f ace depend on t he compl ex

f or med by bot h t he cyt opl asmi c membr ane and

t he cyt opl asmi c component s cl osel y associ at ed
wi t h t he membr ane, r at her t han on t he membr ane

al one .
I nci dent i l l umi nat i on r esul t s i n equal l i ght i n-

t ensi t i es t hr oughout t he f ocal space . The dept h of
t hi s space depends on t he angl e of i l l umi nat i on
and det er mi nes t he upper l i mi t of t he mat er i al

i nvol ved i n r ef l ect i on . For t he NA 1 . 3 x 100 l ens
used wi t h a hi gh angul ar aper t ur e of i l l umi nat i on,
t hi s i s - 500 nm. The t hi ckness of t he f i l ament ous
net wor k does not exceed 200 nm and i t can be
assumed t o have a hi gher r ef r act i ve i ndex t han t he
under l yi ng cyt opl asm. I t i s t her ef or e t hi s net wor k

t hat def i nes t he r ef l ect i ve pr oper t i es of t he upper
cel l sur f ace .

I t seems cl ear f r om our obser vat i ons and t hose

of ot her s t hat t her e i s a cl ear connect i on bet ween

t he var i ous t ypes of at t achment si t es and t he mech-

ani sms by whi ch cel l s at t ach t o a subst r at e . These

at t achment si t es r epr esent ar eas of speci al i zat i on
of t he cor t i cal cyt opl asm and cel l membr ane t hat
ar e i nvol ved not onl y i n at t achment but t he dy-
nami c f unct i ons associ at ed wi t h cel l movement
over a suppor t i ng sur f ace .

The r ef l ect i on cont r ast mi cr oscope pr ovi des a



FI GURES 10, 11, and 12

	

El ect r on mi cr ogr aphs of cr oss- sect i oned BHK- 2l cel l s gr owi ng i n a f i br obl ast -

l i ke manner . The l i ne par al l el t o t he l ower mar gi n r epr esent s pr obabl y a pr ot ei n f i l m on t he cover sl i p .

FI GURE 10

	

Fi l ament bundl es i n t he r i ght hal f of f ocal cont act . I t i s obvi ous t o assume a hi gh di f f er ence

i n t he r ef r act i ve i ndex bet ween t he r i ght and t he l ef t par t of t hi s pl aque . Bar , 0. 2 j m.

FI GURE l l

	

The cent r al par t under t he nucl eus ( n) , i s cl osel y apposed t o t he subst r at um ( cl ose cont act ) ,

whi l e t he per i pher y i s mor e or l ess apar t . ( c) vacuol i c cyt osome . Bar , 1 pm.

FI GURE 12

	

The at t achment zone i s near l y f r ee of f i l ament ous mat er i al , whi l e t he cor t i cal cyt opl asm of

t he nonadher i ng r egi on i s composed of a f i l ament ous mat er i al . Bar , 0. 2 t m.
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A gr eat many of t hese obser vat i ons wer e made i n Dr . E.

Kohen' s l abor at or y at t he Papani col aou Cancer Re-

sear ch I nst i t ut e . I t was t her e t hat t he mai n t heor et i cal

eval uat i ons r i pened . We t hank Dr . Kohen f or hi s en-

cour agi ng suppor t and Pr of . Gr ant zer , Fr ankf ur t , f or t he

oppor t uni t y t o use hi s mi cr odensi t omet er , Mr s . M. V6t h

f or t echni cal assi st ance i n el ect r on mi cr oscopy and Mr s .

I ngebor g May f or phot ogr aphi c assi st ance, Med. Kand .
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FI GURE 13

	

El ect r on mi cr ogr aphs of cr oss- sect i ons of Fr i end cel l s, set t l ed on a pol yl ysi ne- cover ed pet r i

di sh . The mor e or l ess spher i cal cel l i s smoot hl y at t ached t o t he subst r at um. The ver y del i cat e mar gi nal

cyt opl asmi c l ayer i s cl ear l y i dent i f i ed . ( a) Sur vey of awhol e cr oss- sect i oned cel l . Bar , 2I t m; ( b) Cyt opl asmi c

l ayer enl ar ged f r om a. I t cont ai ns pr edomi nant l y a f i ne f i l ament ous mat er i al , whi ch i s denser near t he cel l

body . At t he per i pher y of t he cel l body f aci ng t he medi um a cor t i cal f i l ament ous net wor k can be det ect ed

( i ndi cat ed by par al l el l i nes) , whi ch does not occur i n t he r egi on of adhesi on . Bar , 0 . 2 Am.

uni que oppor t uni t y f or t he descr i pt i on of mor pho-

l ogi cal par amet er s of cel l adhesi on i n cul t ur e as

wel l as f or t he det ect i on of cyt opl asmi c cont r act i on

and t he pr ocess of cel l movement .
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15E t o E. Kohen and by a gr ant of t he Deut sche For -
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