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ABSTRACT

Fi br obl ast s appar ent l y i ngest l ow densi t y l i popr ot ei ns ( LDL) by a sel ect i ve mech-

ani smof r ecept or - medi at ed endocyt osi s i nvol vi ng t he f or mat i on of coat ed vesi cl es

f r omt he pl asma membr ane . However , i t i s not known exact l y how coat ed vesi cl es

col l ect LDL r ecept or s and pi nch of f f r om t he pl asma membr ane . I n t hi s r epor t ,

t he qui ck- f r eeze, deep- et ch, r ot ar y- r epl i cat i on met hod has been appl i ed t o f i br o-

bl ast s ; i t di spl ays wi t h unusual cl ar i t y t he coat s t hat appear under t he pl asma

membr ane at t he st ar t of r ecept or - medi at ed endocyt osi s . These coat s appear t o be

pol ygonal net wor ks of 7- nm st r ands or st r ut s ar r anged i nt o 30- nmpol ygons, most

of whi ch ar e hexagons but some of whi ch ar e 5- and 7- si ded r i ngs . The pr opor t i on

of pent agons i n each net wor k i ncr eases as t he coat ed ar ea of t he pl asma membr ane

pucker s up f r om i t s pl anar conf i gur at i on ( wher e t he net wor k i s most l y hexagons)

t o i t s most shar pl y cur ved condi t i on as a pi nched- of f coat ed vesi cl e . Coat s ar ound

t he smal l est vesi cl es ( whi ch ar e i cosahedr ons of hexagons and pent agons) appear

onl y sl i ght l y di f f er ent f r om " empt y coat s" pur i f i ed f r om homogeni zed br ai n,

whi ch ar e l ess symmet r i cal basket s cont ai ni ng mor e pent agons t han hexagons . A

sear ch f or st r uct ur al i nt er medi at es i n t hi s coat t r ansf or mat i on al l ows a t est of T.

Kanaseki and K. Kadot a' s ( 1969 . J . Cel l Bi ol . 42 : 202- 220. ) or i gi nal i dea t hat an

i nt er nal r ear r angement i n t hi s basket wor k f r om hexagons t o pent agons coul d

" power " coat ed vesi cl e f or mat i on. The most not ewor t hy var i at i ons i n t he t ypi cal

hexagonal honeycomb ar e f ocal j uxt aposi t i ons of 5- and 7- si ded pol ygons at poi nt s

of par t i al cont r act i on and cur vat ur e i n t he basket wor k . These appear t o pr ecede

compl et e cont r act i on i nt o i ndi vi dual pent agons compl et el y sur r ounded by hexa-

gons, whi ch i s t he pat t er n t hat char act er i zes t he f i nal spher i cal basket s ar ound

coat ed vesi cl es .
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Adsor pt i ve endocyt osi s of pr ot ei ns and hor mones
appear s i n most cel l s t o oper at e by t he f or mat i on

of coat ed vesi cl es f r om t he pl asma membr ane .
Dur i ng t hi s pr ocess, membr ane- bound r ecept or s

f or t hese pr ot ei ns become associ at ed wi t h coat ed

pi t s i n t he pl asma membr ane, af t er whi ch t hese
coat ed pi t s pi nch of f f r om t he membr ane t o be-
come coat ed vesi cl es, whi ch i n t ur n t r anspor t t he

pr ot ei n t o t he l ysosomal syst emor el sewher e i nsi de

t he cel l ( f or a r ecent r evi ew, see r ef er ence 16; f or

speci f i cs, see r ef er ences 1- 4, 7, 10, 13- 16, 31- 34,

39, 47- 49, 52, and 55) .
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However , i t i s not known how coat ed pi t s f or m

or how t hei r coat s change as t hey pi nch of f f r om
t he pl asma membr ane t o become coat ed vesi cl es .
The vi ews of coat ed pi t s shown i n t hi s r epor t
di spl ay t he or gani zat i on of t he coat mor e cl ear l y

t han her et of or e possi bl e and i l l ust r at e t he var i et y

of geomet r i cal f or ms t hat i t can assume . These

dat a set const r ai nt s on t he model s t hat can be

pr oposed f or coat ed vesi cl e f or mat i on.

I n addi t i on, t he t echni que of speci men pr epa-

r at i on used her e pr oduces i mages t hat l ook l i ke a

cr oss bet ween t hi n- sect i on i mages and f r eeze- f r ac-

t ur e i mages, so i t becomes possi bl e t o l ook f or

st r uct ur es t hat mi ght l i nk t he coat t o membr ane

r ecept or s and t o cyt opl asmi c f i l ament s .

MATERI ALS AND METHODS

Cel l Cul t ur e

Fi br obl ast s or i gi nal l y i sol at ed by t r ypsi ni zat i on f r om Bal b C

mouse embr yos wer e used wi t hi n f our passages and pl at ed i nt o

60- mi n t i ssue cul t ur e di shes ( Fal con Labwar e, Di v. of Bect on,

Di cki nson &Co . , Oxnar d, Cal i t ) cont ai ni ng a number of 4- mm'

f r agment s of No . I cover gl ass . They wer e mai nt ai ned i n Dul -

becco' s modi f i ed Eagl e' s essent i al medi um wi t h 10%f et al cal f

ser umand al l owed t o set t l e down and spr ead on t he gl ass cover

sl i ps f or 18 h bef or e each exper i ment .

Fr eezi ng and Repl i cat i on

Cul t ur es wer e qui ck- f r ozen by mount i ng i ndi vi dual cover sl i ps

on al umi num di sks t hat ar e at t ached t o t he end of a pl unger

devi ce or i gi nal l y desi gned t o cat ch exocyt osi s i n i sol at ed f r og

muscl es. Thi s pl unger r api dl y dr ops causi ng t he sampl es t o st r i ke

a pur e copper bl ock t hat i s cool ed t o t he t emper at ur e of l i qui d

hel i um ( see r ef er ence 27 f or det ai l s of t he const r uct i on and

oper at i on of t hi s devi ce) . I n our exper i ment s, t hi s met hod pr o-

duced f r ozen t i ssue- cul t ur e cel l s embedded i n mi cr ocr yst al l i ne

i ce i n whi ch t he cr yst al s wer e <20 nm as a r esul t of t he ext r emel y

r api d f r eezi ng . To avoi d cr ushi ng t he cel l s and shat t er i ng t he

cover gl asses when t he pl unger made cont act wi t h t he copper

bl ock, we mount ed t he cover gl asses on a sof t , spongy mat r i x

composed of sl i ces of al dehyde- f i xed r at l ung . ( The l ung was

f i xed i n 2% gl ut ar al dehyde i n wat er , sl i ced t o a t hi ckness of 0. 8

mmwi t h a Smi t h- Far quhar t i ssue chopper , and st or ed i n di st i l l ed

wat er , of t en f or weeks, bef or e use. ) The sl i ces of l ung became

bonded t o t he sur f ace of t he al umi num di sks as t hey f r oze and

t hus ser ved as suppor t s and car r i er s f or t he f r ozen cover gl asses .

The di sks coul d t hen be mount ed on t hest andar d r ot ar y speci men

st age i n a f r eeze- f r act ur e devi ce ( Bal zer s Cor p. , Nashua, N. H. ) .

Once a vacuum of 10 - s t or r or gr eat er was achi eved i n t hi s

devi ce, t he speci mens wer e war med t o - I 00° C and f r act ur ed i n

t he st andar d way . Then t he t i ssue was et ched f or 2 . 5 mi n, whi ch

r emoved 0. 1- 0. 25 pmof wat er f r om t he f r act ur ed sur f ace. Af t er

et chi ng, t he sampl es wer e r ot ar y r epl i cat ed by evapor at i ng car -

bon- pl at i num ont o t hem f r om a st andar d el ect r on- beam gun

mount ed at 24° t o t he speci men pl ane whi l e t he speci men was

r ot at i ng at 60 r pm. The r esul t i ng pl at i numr epl i ca was st abi l i zed

by 5 s of r ot ar y deposi t i on of pur e car bon f r om a gun mount ed

at 75° t o t he speci men pl ane . The cover gl ass was t hen r emoved

f r om t he vacuumand f l oat ed of f t he l ung ont o 30%hydr of l uor i c

aci d i n wat er , whi ch pr ompt l y r el eased t he r epl i ca f r omt he gl ass

sur f ace. The r epl i ca was t hen f l oat ed sequent i al l y t hr ough di s-

t i l l ed wat er , f ul l - st r engt h househol d bl each, and t wo mor e wat er

washes bef or e bei ng pi cked up on 75- mesh For mvar car bon-

coat ed gr i ds .

Mi cr oscopy

The r epl i cas wer e exami ned i n a JEOL I OOB or I OOCel ect r on

mi cr oscope oper at i ng at 100 kV. The hi gh accel er at i ng vol t age

was used t o r educe heat i ng of t he r epl i ca, t o mi ni mi ze r ecr yst al -

l i zat i on, and t o r educe cont r ast i n t he f i nal phot ogr aphi c nega-

t i ves . St er eo pai r s wer e obt ai ned wi t h a hi gh- r esol ut i on, t op- ent r y

goni omet er st age t i l t ed t hr ough ± 7° f or al l magni f i cat i ons .

Mi cr ogr aphs wer e exami ned i n negat i ve cont r ast , i . e. , by pr oj ect -

i ng t he or i gi nal el ect r on mi cr oscope negat i ves or by phot ogr aph-

i cal l y r ever si ng t hem bef or e pr i nt i ng t o make t he pl at i num

deposi t s appear whi t e and t he backgr ound dar k. Thi s r ever se

cont r ast enhanced t he t hr ee- di mensi onal appear ance of t he i m-

ages, as i f t he cel l s wer e i l l umi nat ed by a gent l e, di f f use " moon-

l i ght . " The sampl es appear ed much as t hey do i n t he st andar d

secondar y mode of scanni ng el ect r on mi cr oscopy.

RESULTS

Whi l e at t empt i ng t o vi sual i ze at t achment poi nt s

of act i n f i l ament s t o t he i nsi de of t he pl asma
membr ane i n f i br obl ast s pr epar ed as descr i bed
above, we qui t e f or t ui t ousl y obt ai ned a number of

gl i mpses of pol ygonal net wor ks t hat appear ed t o

l i e under t he f i l ament s i mmedi at el y agai nst t he

i nsi de of t he pl asma membr ane ( Fi g . 1) . These

seemed l i kel y t o be unusual vi ews of t he " basket -
wor k" t hat Kanaseki and Kadot a ( 29) f i r st saw
ar ound coat ed vesi cl es, t hough now on t he i nsi de
of t he pl asma membr ane . Rot h and Por t er ( 49) , i n

t hei r or i gi nal descr i pt i on of pr ot ei n endocyt osi s by

coat ed vesi cl es, showed t hat coat ed ar eas of t he

pl asma membr ane exi st and pr edi ct ed t hat t hese

woul d be pr ecur sor s of coat ed vesi cl es . Kanaseki
and Kadot a ( 29) pr edi ct ed f ur t her t hat t he coat
under t he pl asma membr ane woul d be f or med of

pur e hexagons when i t was f l at , and t hat i t woul d

" power " t he membr ane i nvagi nat i on by r ear r ang-

i ng some of i t s hexagons i nt o pent agons, t hus

f or mi ng t he geodesi c basket t hey obser ved ar ound
pi nched- of f coat ed vesi cl es . The vi ews of basket -

wor ks shown i n Fi g. I wer e obt ai ned f r om cel l s

t hat had been di st ended i n t hei r l ast mi nut e bef or e

f r eezi ng by a r i nse i n di st i l l ed wat er . Thi s was

done t o di l ut e sol ubl e cyt opl asmi c component s

and open up t he vi ew obt ai ned by deep et chi ng .

Cel l s t hat wer e qui ck f r ozen and et ched wi t hout

t hi s pr el i mi nar y hypot oni c shock di spl ayed such

a hi gh concent r at i on of unet chabl e gr anul ar ma-

t er i al i n t hei r cyt opl asm t hat vi ews such as Fi g . 1
wer e qui t e i mpossi bl e t o obt ai n ( cf . r ef er ence 40) .

A second way t o cl ear t he cyt opl asm f or deep
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et chi ng was t o f i x t he cel l s wi t h 1%gl ut ar al dehyde

i n phosphat e- buf f er ed sal i ne and t hen wash t hem

i n di st i l l ed wat er . Thi s t ot al l y el i mi nat ed sal t s t hat

may have f or med par t of t he unet chabl e gr anul ar

mat er i al , but t he al dehyde f i xat i on had cer t ai n

pi t f al l s t hat wi l l be i l l ust r at ed mor e f ul l y i n a l at er

r epor t ( J . Heuser and M. W. Ki r schner , manu-

scr i pt submi t t ed) . Sol ubl e component s of t he cy-

t opl asmappear ed t o become cr oss- l i nked t o i nsol -

ubl e component s because somet hi ng obscur ed, or

at l east decor at ed, t he cyt opl asmi c f i l ament s and

membr ane sur f aces . I n spi t e of t hi s, al dehyde- f i xed

cel l s yi el ded t he most compl et e vi ews of basket -
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FI GURE 1

	

Fr eeze- et ch vi ew of t he i nner sur f ace of t he f i br obl ast pl asma membr ane f r om a cel l t hat had

been qui ck- f r ozen wi t hout f i xat i on and t hen f r eeze- f r act ur ed bef or e et chi ng. Act i n f i l ament s can be seen
ami d uni dent i f i ed gr anul ar mat er i al i n t he cyt opl asm above . The E- f r act ur e f ace of t he pl asma membr ane

can be seen bel ow, badl y pi t t ed by t he l ong et chi ng . Near t he " shor el i ne" wher e t he i nner membr ane

sur f ace begi ns ( l ar ge ar r ows) ar e t wo pol ygonal " honeycombs" vi si bl e under t he f i l ament s. The honey-

combs ar e composed l ar gel y of hexagons, wi t h a f ewj uxt aposi t i ons of f i ve- and seven- member r i ngs ( smal l

ar r ows) . Bar , 0 . 1 l m. x 126, 000 .
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wor ks agai nst t he i nsi de of t he pl asma membr ane,

possi bl y because f i xed cel l s f r act ur ed mor e f avor -

abl y wi t h t he t echni que we used. Of t en, i t ap-

pear ed t hat al most ever yt hi ng i n t he cul t ur e had

been r emoved, l eavi ng onl y t he par t s of t he f i br o-

bl ast pl asma membr anes t hat had been i n di r ect

cont act wi t h t he cover gl ass . Thi s af f or ded vi ews,

such as seen i n Fi g. 2, of t he t r ue cyt opl asmi c

sur f ace of t he pl asma membr ane . On t hat sur f ace

coul d be f ound many basket wor ks i n a var i et y of

cur vat ur es . I mmunocyt ochemi st r y has shown t hat

coat ed pi t s ar e as abundant on t he bot t om of t he

cel l as on t he t op, whi ch i s exposed t o t he most



FI GURE 2

	

Vi ew of t he i nsi de of t he pl asma membr ane f r om a f i br obl ast f i xed wi t h al dehydes bef or e
pr epar at i on as i n Fi g. 1 . Submembr anous f i l ament s ar e coar sened and obscur ed by a coagul um, but , f or
unknown r easons, t he honeycombs st and out even mor e cl ear l y. Agai n, a f ew f i ve- and seven- si ded

pol ygons ar e f ound si de by si de among t he hexagonal maj or i t y . Bar , 0. 1 / m. x 140, 000 .

t i ssue cul t ur e f l ui d ( 4) .

The r ot ar y r epl i cas of t hi s membr ane sur f ace

showed t he over al l or gani zat i on of t he basket -

wor ks qui t e cl ear l y ( Fi g. 3) . They appear ed t o be

composed of honeycombs wi t h - 8 . 5- nmwal l s or

st r ut s l i nked pr edomi nant l y i nt o hexagons, wi t h a

f ew pent agons and hept agons i nt er sper sed, as wi l l

be i l l ust r at ed l at er . These pol ygons wer e so smal l
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( - 30 nm) and t he shadowi ng angl e so f l at , t hat i t

was di f f i cul t , i n t hese r epl i cas, t o see t hr ough t he

basket s t o t he pl asma membr ane under neat h . The

sur f ace det ai l of t he basket i t sel f , however , was

qui t e cl ear , and t her e wer e no over l appi ng i mages

of f r ont and back si des such as t hose t hat compl i -

cat e t hr ee- di mensi onal el ect r on mi cr oscopy of

st ai ned t i ssues, whi ch of t en need opt i cal di f f r ac-

t i on t o be deci pher ed .

The submembr anous basket wor ks r anged f r om
<10 nm t o >300 nm i n di amet er . Consequent l y,

t hey wer e composed of a var i abl e number of po-

l ygons or f acet s ( f r om as f ew as 8 t o mor e t han
200 i n t he l ar gest basket wor ks) as i s shown i n Fi g .
4 . The ar r ow i n t hi s f i gur e poi nt s t o t he mean
number of f acet s, whi ch was 61, wi t h a br oad

st andar d devi at i on of ± 40. Thi s mean i s equi va-

l ent t o an aver age di amet er of 220 nm, whi ch i s

compar abl e t o t he si ze of coat ed pi t s vi sual i zed i n

f i br obl ast s by ot her t echni ques ( 1, 2, 4) . The ob-

ser vat i on of a cont i nuous r ange of si zes suggest ed
t hat t he submembr anous basket wor ks st ar t as j ust
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FI GURE 3

	

Hi gh magni f i cat i on of t he honeycomb net wor k shows t hat i t i s composed of r ai sed mat er i al ,
uni f or ml y 7 nmwi de, and l i nked i nt o t i ght pol ygons, each 30- nmi n di amet er . The gr anul ar backgr ound
of t he pl at i num r epl i ca i s her e about 2 nm. Bar , 0 . 1 Am. x 420, 000 .
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FI GURE 4

	

Hi st ogr am i l l ust r at i ng howof t en coat ed pi t s
of var i ous si zes wer e f ound. Si ze i s expr essed as t he
number of pol ygons per coat ed pi t . 256 exampl es f r om
sever al dozen f i br obl ast s ar e di spl ayed. The mean num-
ber of pol ygons i s 61 ( ar r ow) , whi ch i s equi val ent t o a
basket wor k 220 nun i n di amet er . However , t he di st r i bu-
t i on was sl i ght l y skewed, as a r esul t of a f ew ver y l ar ge
basket wor ks t hat may have been conf l uent pai r s, Ther e-
f or e, t he medi an of 52 pol ygons may be a bet t er i ndex of
t he aver age si ze of t hese coat ed pi t s, whi ch woul d be 190

nm. ( Not e t hat a basket wor k 200 nmi n di amet er woul d
bal l up i nt o a coat ed vesi cl e 100 nmi n di amet er , whi ch
woul d be t ypi cal of t hose f ound i n f i br obl ast s . )



FI GURE 5

	

Sel ect ed exampl es f r om t he var i ous si zes of basket wor k f ound, ar r anged t o suggest cont i nuous,
pr ogr essi ve gr owt h ( f r oma t o e) . The per i pher al mar gi ns of t he basket wor ks ar e i nvar i abl y composed of
i ncompl et e pol ygons, r egar dl ess of how l ar ge t he over al l basket wor k i s . Bar , 0 . 1 [ m. x 200, 000 .

a f ew pol ygons and gr ow by t he pr ogr essi ve ad-

di t i on of mor e . Cl oser exami nat i on gave no i ndi -

cat i on t hat gr owt h was by coal escence of sever al

smal l pat ches of pol ygons ; t hat i s, smal l pat ches

wer e never f ound near one anot her , nor was t her e

any i ndi cat i on t hat basket wor ks gr ew i n " quant al
j umps" of dozens of pol ygons at a t i me, as mi ght
be expect ed i f whol e coat ed vesi cl es ( or whol e

" empt y basket s, " whi ch wi l l be descr i bed l at er )

coul d j oi n t he basket wor ks one at a t i me . I nst ead,

t he hi st ogr amof si zes ( Fi g . 4) was smoot h enough

t o suggest t hat gr owt h was pr ogr essi ve and cont i n-

uous .

Fi g . 5 di spl ays f i ve basket wor ks t hat wer e t ypi -

cal of t he var i ous si zes obser ved . Sear chi ng t he

mar gi ns of t hese basket wor ks f or an i ndi cat i on of
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howt hey mi ght gr ow r eveal ed t hat t hei r per i pher y

was usual l y r agged and composed of i ncompl et e

pol ygons bor der ed by amor phous mat er i al , whi ch

suggest ed t hat gr owt h i s most pr obabl y by t he

pi ecemeal assembl y of pol ygons ar ound t he pe-

r i pher y.

The basket wor ks di spl ayed i n Fi g . 5 wer e

among t he f l at t est t hat coul d be f ound . I t was

mor e common t o f i nd t hem i n var i ous degr ees of

cur vat ur e . The exampl es di spl ayed i n Fi g . 6 i n-

cl ude t he whol e r ange of i mages t hat woul d be

expect ed f or a sequence of endocyt osi s. ( Of cour se,

t her e was no way t o assi gn a t i me ar r ow t o t hi s

sequence ; i t coul d r epr esent t he r ever se pr ocess,

i . e. , coat ed vesi cl e exocyt osi s, i f such a pr ocess

occur s i n f i br obl ast s . ) The var i ous degr ees of cur -

vat ur e coul d be eval uat ed much mor e accur at el y

by t i l t i ng t he r epl i ca ± 7° i n t he el ect r on mi cr o-

scope and maki ng st er eo pai r s of i ndi vi dual bas-

ket wor ks such as ar e di spl ayed i n Fi g . 7 . These

dr amat i cal l y i l l ust r at e t hat even t he f l at t est basket s

had a smal l degr ee of i nwar d cur vat ur e, and many

wer e compl et e hemi spher es .

These r ot ar y- r epl i cat ed i mages wer e so cl ear

t hat t hey al l owed a di r ect t est of Kanaseki and

Kadot a' s ( 29) i dea t hat an i nt er nal r ear r angement

of t he coat f r om hexagons t o pent agons i s associ -

at ed wi t h membr ane cur vat ur e . To eval uat e t hi s

possi bi l i t y, 256 par t i cul ar l y cl ear exampl es of

coat ed pi t s wer e ar r anged i nt o t hr ee cat egor i es

accor di ng t o t hei r degr ee of cur vat ur e : f l at , sl i ght l y

cur ved, and ver y cur ved. The cat egor i es i ncl uded

exampl es such as t hose i n Fi gs . 5, 6 a, and 7 a

( f l at ) ; Fi gs . 6 b and 7 b ( sl i ght l y cur ved) ; and Fi gs .

6 c and 7c ( ver y cur ved) . Then, t he number s of

hexagons and pent agons wer e count ed i n each of

t hese exampl es . Fi nal l y, t he mean pr opor t i on of

pent agons ( ± 1 SE) was pl ot t ed f or each of t he

cat egor i es ( Fi g . 8) . Thi s i l l ust r at es t hat f l at coat s

had a pr eponder ance of hexagons, wher eas mor e

cur ved coat s had a si gni f i cant l y hi gher pr opor t i on

of pent agons .

We may pr esume, f r om basi c cr yst al l ogr aphi c

consi der at i ons, t hat a compl et el y encl osed, spher -

i cal net wor k of pol ygons wi l l i ncl ude at l east 12

pent agons . Because t her e wer e 61 ± 40 pol ygons

i n t he basket wor ks st udi ed, t he pr opor t i on of pen-
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t agons shoul d be hypot het i cal l y have appr oached

12/ 60, or 20%, as t hey cur ved mor e and mor e.

Thus, i t was odd t o f md t hat t he ver y cur ved ones,

whi ch of t en appear ed as near hemi spher es i n

st er eo, had onl y - 3%pent agons . Thi s val ue may

have been l ow because of count i ng er r or s i nas-

much as i t was di f f i cul t t o r ecogni ze pent agons

al ong t he st eep sl opes of t he mor e cur ved net -

wor ks . But t hi s val ue may have been t hi s l ow

because t her e i s act ual l y mor e f l exi bi l i t y i n t he

coat t han i n a r i gi d, spher i cal cr yst al , and f ewer

pent agons woul d be necessar y t o f or m a cl osed

sur f ace. Ot her evi dence f or such f l exi bi l i t y was

i ndeed pr esent . Some basket wor ks t hat wer e com-

posed ent i r el y of hexagonal f acet s appear ed un-

mi st akabl y cur ved when vi ewed i n st er eo.

Never t hel ess, i n t he most ext r emel y cur ved bas-

ket s, a ver y hi gh pr opor t i on of pent agons was

obser ved ( >50%) . Fi g . 9 i l l ust r at es such basket s

obt ai ned f r om homogenat es of bovi ne br ai n by

st andar d met hods ( 30, 44) t hat wer e l ess t han

1/ 10 t he di amet er of coat ed vesi cl es i n f i br obl ast s

and, t hus, much mor e acut el y cur ved . Cor r espond-

i ngl y, t hey wer e composed of a much smal l er

number of f acet s . St er eo el ect r on mi cr oscopy of

t hese empt y basket s ( Fi g . 10) pr ovi ded t hr ee- di -

mensi onal vi ews t hat f ul l y subst ant i at ed t he pr e-

di ct i ons about t hei r st r uct ur e made by Cr owt her

et al . ( 9) f r omnegat i vel y st ai ned i mages, but unl i ke

t he negat i vel y st ai ned i mages, t he f r eeze- et ched

r epl i cas i nt r oduced none of t he ambi gui t y t hat

r esul t s f r om super i mposi t i on of t he i mage of t he

back si de of t he basket .

I nt er medi at es i n Basket Cur vat ur e

Because t he shape of each i ndi vi dual pol ygon

was easi l y di scer ni bl e i n t hese var i ous vi ews of

coat ed pi t s, i t coul d be expect ed t hat t hi s t echni que

woul d r eveal exact l y what happens when a f acet

i n t he basket wor k r ear r anges f r oma hexagon t o a

pent agon . Unf or t unat el y, t hus f ar , no def i ni t i ve

coat t r ansf or mat i on i nt er medi at e has been i dent i -

f i ed. The onl y possi bl e cl ue was t hat many of t he

l ar ger , f l at t er sheet s, such as t he one i n Fi g . 11,

di spl ayed pent agons near hept agons, whi ch, as a

r esul t of t hei r i ncr eased number of si des, wer e

obvi ousl y l ar ger t han t he sur r oundi ng hexagons

FI GURE 6

	

Sel ect ed exampl es f r om t he var i ous degr ees of cur vat ur e f ound, ar r anged as a pr ogr essi ve

i ncr ease i n cur vat ur e f r om a t o e, t o suggest t he sequence of i nvagi nat i on t hat woul d be expect ed f or coat -

medi at ed endocyt osi s. Al most f ul l y f or med coat ed vesi cl es ar e shown i n f t o h . Bar , 0 . 1 j i m. x 200, 000.

THE JOURNAL OF CELL BI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 84, 1980







and t hus compensat ed f or t he r educed si ze of t he

nei ghbor i ng pent agons .

Cl oser i nspect i on of t he l at t i ces i n whi ch t hese

" f i ve- seven di sl ocat i ons" coul d be f ound ( Fi g. 12)

r eveal ed t hat t hey i nvar i abl y occur r ed wher e one

r ow of hexagons st opped and t he t wo r ows t hat

had f l anked i t came t oget her . The pent agon was

t he l ast f acet of t he t er mi nat i ng r ow, and t he

adj acent hept agon was a member of one or t he

ot her f l anki ng r ow. Such a t r ansi t i on f r om t hr ee

t o t wo r ows meant t hat t he basket wor k became

nar r ower on one si de t han t he ot her . A sear ch

t hr ough an ol d bi ol ogy l i br ar y showed t hat i den-

t i cal f i ve- seven di sl ocat i ons occur i n beehi ves and

i n di at oms t hat gr ow asymmet r i cal l y . I nvar i abl y,

wher e a new r ow of hexagonal cel l s i s added i n

t he mi dst of t wo ot her s, i t begi ns wi t h a pent agon

f l anked by a hept agon .

As yet , i t i s not cl ear what r el at i on t hese f i ve-

seven l at t i ce di sl ocat i ons have t o coat cur vat ur e, i f

any . When t hey occur i n beehi ves, t he honey-

combs do not cur ve. However , when model s wer e

bui l t f r om hexagonal chi cken wi r e, r emovi ng a

r ow of hexagons pr oduced a f i ve- seven pai r t hat

z
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Rel at i ve abundance of pent agons and " f i ve-

seven di sl ocat i ons" i n coat ed pi t s of var i ous degr ees of

cur vat ur e. Pent agons become si gni f i cant l y mor e abun-

dant as t he basket wor ks cur ve, conf i r mi ng Kanaseki and

Kadot a' s ( 29) or i gi nal i dea ( er r or bar s i ndi cat e ± 1 SE) .

Fi ve- seven di sl ocat i ons, however , ar e r el at i vel y abun-

dant at al l degr ees of cur vat ur e . Not appar ent i n t he
st at i st i cs i s t he evi dence t hat t hese f or ms ar e i nt er medi -
at es i n coat r ear r angement , whi ch i s descr i bed i n Resul t s

i n r el at i on t o Fi gs . 10- 13 .

was st r ai ned, and t he st r ai n l ed t o a sl i ght degr ee

of cur vat ur e as i s i l l ust r at ed st er eoscopi cal l y i n

Fi g . 13 . These model s al so showed t hat t he spat i al

di scont i nui t y i nt r oduced by t er mi nat i ng a r ow of

f acet s wi t h a pent agon coul d not be al l evi at ed

mer el y by f or mi ng one adj acent hept agon ; al l t he

hexagons ar ound i t al so wer e sever el y st r ai ned .

For t hi s r eason, we i ncl uded t he exampl e of an i n

si t u f i ve- seven l at t i ce di scont i nui t y shown i n Fi g .

12 ( t op) , i n whi ch t he hexagon next i n l i ne t o t he

hept agon appear s st r et ched and di st or t ed . Thi s

coul d be a nat ur al mani f est at i on of a st r ai n t hat

woul d l ead t o a cur vat ur e such as t hat seen i n Fi g .

13 .

The i n si t u exampl es i n Fi g . 12 al so i ncl ude an

i nst ance of t wo f i ve- seven di scont i nui t i es occur -

r i ng adj acent t o each ot her , not an uncommon

f i ndi ng. I t r epr esent s a poi nt at whi ch t wo r ows

st opped, and t he l at t i ce was consequent l y even

mor e cont r act ed and cur ved . Fur t her exper i ment -

i ng wi t h chi cken wi r e al so i l l ust r at ed t hat t er mi -

nat i ng one mor e r ow, so t hat a t ot al of t hr ee r ows

wer e st opped i n a st agger ed sequence ( whi ch was

equi val ent t o r emovi ng t he pi e- shaped pi ece i l l us-

t r at ed i n Fi g. 13) , r esul t ed i n even gr eat er cur va-

t ur e of t he chi cken wi r e and t he f or mat i on of a

t ot al l y new l at t i ce i n whi ch hept agons wer e gone

and nonadj acent r ows r an compl et el y t oget her at

60° t o each ot her such t hat onl y one pent agon was

l ef t i n t hei r mi dst . Fi g. 12 ( bot t om) i s an exampl e

of such an i nt er r upt i on of t hr ee r ows at a l one

pent agon f ound i n si t u i n a moder at el y cur ved

basket wor k .

Model bui l di ng r ai sed t he possi bi l i t y t hat coat

cur vat ur e i n vi vo mi ght i nvol ve j ust such a pr o-

gr essi ve el i mi nat i on of r ows, and t hat f i ve- seven

di sl ocat i ons mi ght be si gni f i cant i nt er medi at es i n

t hi s pr ocess . I n t he sear ch f or evi dence i n suppor t

of t hi s possi bi l i t y, t he r el at i ve abundance of f i ve-

seven di sl ocat i ons i n coat s of di f f er ent cur vat ur e

was det er mi ned i n t he same t hr ee gr oups of coat s

used t o make Fi g . 8 . The r esul t s i l l ust r at e t hat

coi nci dent wi t h t he i ncr ease i n abundance of pen-

t agons t hat accompani ed i ncr eased cur vat ur e was

a sl i ght decr ease i n t he abundance of f i ve- seven

di sl ocat i ons . They r epr esent ed 3%of al l t he f acet s

i n f l at and moder at el y cur ved basket s, but wer e

FI GURE 7

	

Thr ee st er eo pai r s of basket wor ks wi t h di f f er ent degr ees of cur vat ur e, f r om a, t he f l at t est
( whi ch ar e not compl et el y f l at when seen i n st er eo) , t o c, t he st age appr oachi ng a hemi spher e, apt l y cal l ed
a campanul at e i nvagi nat i on of t he pl asma membr ane . Bar s, 0 . 1 pm. x 130, 000 .
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St er eo pai r of t he empt y basket s i sol at ed f r om br ai n and et ched j ust enough t o expose hal f

of t he basket and t o obt ai n a cl ear , unequi vocal vi ew of t hei r pol ygonal composi t i on . Bar s, 0. 1 Am. x

139, 000.

ent i r el y absent f r om a l ar ge f r act i on of t he ver y

cur ved gr oup . Fur t her mor e, i t was obvi ous f r om

si mpl e i nspect i on of pr epar at i ons such as t hose i n

Fi gs . 9 and 10 t hat seven- si ded r i ngs wer e r el a-

t i vel y r ar e i n smal l spher i cal basket s .

Such hi nt s of a decl i ne i n t he r el at i ve abundance

of f i ve- seven di sl ocat i ons dur i ng cur vat ur e r ai sed

t he possi bi l i t y t hat i n l i f e such di st or t i ons mi ght

" mend" i nt o mor e cur ved, pur e, f i ve- si ded i nser -

t i ons ; but we have no expl anat i on of how such

mendi ng coul d occur i n t he mi dst of an ot her wi se

hexagonal l at t i ce .

I t i s per haps wor t h addi ng, i n t hi s r egar d, t hat

pent agons wer e par t i cul ar l y common ar ound t he

FI GURE 9

	

The appear ance of " empt y basket s" i sol at ed f r om br ai n and pr epar ed by t he f r eeze- et ch and

r epl i cat i on met hod used f or f i br obl ast s. The basket s ar e seen t o be composed of pol ygons wi t h f acet s and

st r ut s of t he same si ze f ound on t he i nsi de of f i br obl ast coat ed pi t s . As a r esul t of t hei r ext r emel y shar p

cur vat ur e, however , t hese smal l , i sol at ed basket s di spl ay a much hi gher pr opor t i on of pent agons t han t he
l ar ge coat ed pi t s . At t he bot t om, at t he same magni f i cat i on, ar e t hr ee exampl es of t he smal l est basket s t hat

wer e f ound i n si t u, ami d t he uni dent i f i ed gr anul ar mat er i al t hat abounds i nsi de qui ck- f r ozen f i br obl ast s .
These i n si t u basket s appear t o be t oo smal l t o accommodat e a membr anous vesi cl e, and t hus may al so be

empt y basket s . Bar , 0 . 1 Am. x 230, 000.
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edges of t he basket wor ks, wher e adj acent pol ygons

wer e st i l l i ncompl et e . I n t hese cases, i t was i mpos-

si bl e t o t el l whet her t hey wer e dest i ned t o be pur e

pent agons or whet her a seven- si ded r i ng mi ght

have been i n t he pr ocess of f or mi ng adj acent t o

t hem. Thus, we coul d not assi gn t hem t o ei t her

gr oup nor i ncl ude t hem i n t he cal cul at i ons of t he

r el at i ve abundance of t he pur e pent agon' s and t he

f i ve- seven di sl ocat i ons i n Fi g . 8 . I t may, however ,

be si gni f i cant t hat such edge pent agons const i t ut ed

a consi der abl e por t i on of t he di sl ocat i ons t hat

occur r ed : 46%i n f l at , 48%i n moder at el y cur ved,

and 36%i n ver y cur ved di sl ocat i ons . Subj ect i vel y,

many of t hese pent agons appear ed as t hough t hey

wer e goi ng t o become f i ve- seven pai r s, so t hat i t

seemed t hat l at t i ce di sl ocat i ons and mendi ng oc-

cur r ed mor e f r equent l y ar ound t he gr owi ng edges

of t he basket s . On t he ot her hand, i f even a f ew of

t hese edge pent agons wer e dest i ned t o become

compl et el y sur r ounded by hexagons, i t woul d be

necessar y t o concl ude t hat some degr ee of cur va-

t ur e can be bui l t i nt o t he coat s as soon as t hey

f or m. Such a " pr ef abr i cat i on" of t he cur vat ur e

mi ght not al ways be t he case, however . Of t en, ver y
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Hi gher magni f i cat i on of t he edge of one l ar ge coat ed pi t showi ng t wo exampl es of t he

j uxt aposi t i ons of f i ve- and seven- member r i ngs t hat i nvar i abl y occur at l at t i ce di scont i nui t i es i n t he

ot her wi se hexagonal basket wor ks. Al so shown i s one f i ve- si ded r i ng near t he per i pher y, wher e adj acent

pol ygons ar e i ncompl et e and di st or t ed but i n many i nst ances appear t o be por t i ons of hept agons . Bar , 0 . 1

I m. x 360, 000.
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f l at basket wor ks occur r ed t hat wer e qui t e l ar ge

and al most ent i r el y hexagonal . Unl ess t hese pr ove

t o be some sor t of dead end, t hey woul d have t o

r ear r ange t hemsel ves i nt o pent agons i f t hey wer e

ever t o cur ve i nt o coat ed vesi cl es .

Out si de Vi ews of Coat ed Pi t s

What must have been t he out si de of coat ed pi t s

i n t he pl asma membr ane coul d be seen by si mpl y

f r eeze- dr yi ng t he f i br obl ast s wi t hout f r act ur i ng

t hem open. Thi s r eveal ed br oad expanses of t he

upper sur f aces of t hese cel l s ( Fi g. 14) . Rot ar y

pl at i num r epl i cas vi ewed i n t r ansmi ssi on el ect r on

mi cr oscopy pr ovi ded i mages of t hese sur f aces t hat

wer e consi der abl y hi gher i n r esol ut i on t han com-

par abl e scanni ng el ect r on mi cr oscopi c i mages of

gol d- coat ed cel l s, r eveal i ng t hat t he sur f aces of t he

f i br obl ast s wer e cover ed wi t h a var i et y of smal l

bumps t hat wer e about t he si ze of i nt r amembr ane

par t i cl es, appar ent l y scat t er ed at r andom. Pr evi -

ousl y, we have shown t hat t hi s pr ocedur e can

di spl ay membr ane r ecept or s f or neur ot r ansmi t t er s

of si mi l ar si ze on t he sur f ace of cer t ai n post syn-

apt i c membr anes and can show when such r ecep-



t or s assume a nonr andomdi st r i but i on ( 28) .

The sur f aces of f i br obl ast s al so di spl ayed ot her ,

much l ar ger gl obul es ( ~250 Ai n di amet er ) , whi ch

wer e ext r emel y smoot h and spher i cal ( Fi g. 15) ,

whi ch l ooked exact l y l i ke r ecent l y publ i shed i m-

ages of f r eeze- dr i ed, l ow densi t y l i popr ot ei n ( LDL)

mol ecul es ( 22) . The ones seen i n f i br obl ast s ap-

pear ed t o be l i nked t o r ecept or s, because t hey

t ypi cal l y occur r ed i n di st i nct cl ust er s of var i ous

si zes and degr ees of compact i on . St er eomi cr oscopy

r eveal ed t hat t he t i ght est cl ust er s wer e deepl y i n-

vagi nat ed ( Fi g . 15) . ( Si mi l ar 250- A dr opl et s wer e

f ound her e and t her e on t he bar e sur f ace of t he

cover gl ass, but t hei r concent r at i on at i ndent at i ons

on t he f i br obl ast sur f ace di d not seem t o be an

ar t i f act of al dehyde f i xat i on because f i br obl ast s

qui ck- f r ozen wi t hout f i xat i on al so di spl ayed si mi -

l ar cl ust er s of gl obul es i n shal l ow depr essi ons of

t he pl asma membr ane ( Fi g . 14 e) , al bei t l ess cl ear l y

because of a r esi due of t i ssue cul t ur e medi um l ef t

af t er f r eeze- dr yi ng. ) The i ndent at i on of t he LDL

cl ust er s suggest s t hat t hei r r ecept or s wer e al r eady

l i nked t o coat ed pi t s because al l i ndent at i ons of

t hi s si ze wer e coat ed when seen f r om t he i nsi de .

Thi s woul d f ul l y agr ee wi t h t he r esul t s of ear l i er

i mmunocyt ochemi st r y of f er r i t i n- l abel ed LDL

vi ewed i n t hi n sect i ons ( 1) and wi t h subsequent

vi sual i zat i on of deep- et ched f i br obl ast s pr epar ed

by a f r eezi ng met hod sl ower and mor e del et er i ous

t han t hat used by us ( 41) . One advant age of our

met hod was t hat t he LDL mol ecul es per coat ed

pi t coul d be count ed di r ect l y ; t he number r anged

f r om 20 t o 40 i n t he cel l s we vi ewed .

I t was al so possi bl e t o obt ai n out er vi ews of t he

basket wor ks by t r eat i ng f i br obl ast s wi t h Tr i t on X-

100 bef or e f r eeze- dr yi ng t hem. 1- 3 h i n 1%Tr i t on

X- 100 at 37° C was necessar y t o r i d t he f i br obl ast s

of al l t r aces of t hei r membr ane af t er t hey wer e

f i xed, but t hi s di d not appear t o al t er t hei r cyt oar -

chi t ect ur e . Lef t wer e st r ess f i ber s, cor t i cal mi cr o-

f i l ament s, and, of par t i cul ar i nt er est i n t hi s cont ext ,

0. 1- 0. 3- 1t m cupl i ke depr essi ons composed of a

FI GURE 12

	

Cr opped por t i ons of f i ve basket wor ks, cho-

sen t o i l l ust r at e how a f i ve- seven j uxt aposi t i on mar ks a

spot of l at t i ce cont r act i on . At t hi s spot , one r ow of

pol ygons nar r ows and t er mi nat es wi t h a pent agon, and

one of t he t wo r ows adj acent t o i t cont ai ns a hept agon t o

f i l l i n t he space wher e t he t wo r ows come t oget her . Two

r ows ar e el i mi nat ed by t wo successi ve f i ve- seven j uxt a-
posi t i ons. When t hr ee r ows ar e el i mi nat ed, one pent agon

i s seen at t he end of t he cent r al r ow, wi t h t he t wo

adj acent r ows comi ng t oget her at a di st or t ed hexagon .

The r ows may be seen mor e easi l y by r ai si ng t he edge of

t he page . Bar , 0 . 1 t t m. x 310, 000 .
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St er eo vi ews of chi cken wi r e model s made t o i l l ust r at e how l at t i ce di scont i nui t i es may be

associ at ed wi t h cur vat ur e . El i mi nat i on of one r ow of hexagons cr eat es a pent agon and a hept agon wi t h an

ext r a st r ut , whi ch i s al so occasi onal l y seen i n vi vo ( cf . Fi g. 12, t op) , and cr eat es a sl i ght degr ee of l at t i ce

cur vat ur e . El i mi nat i on of t hr ee r ows i n a sequent i al , pi e- shaped pi ece cr eat es one l one pent agon at t he

apex of a mor e shar pl y cur ved l at t i ce. A pur e hexagonal l at t i ce can be r ol l ed i nt o a cyl i nder , but cannot

assume t he t hr ee- di mensi onal cur ves associ at ed wi t h l at t i ce di scont i nui t i es .

t i ght l y kni t meshwor k ( Fi g . 14f ) . Though t hi s

meshwor k di d not appear as neat l y pol ygonal as

i t di d when vi ewed f r om t he i nsi de, t her e was l i t t l e

doubt t hat i t r epr esent ed an out er vi ew of t he

coat ed pi t s i n t he pl asma membr ane . ( I ndeed, t he

i mmunocyt ochemi st r y of coat ed pi t s wi t h ant i -

cl at hr i n has been per f or med on f i br obl ast s f i xed

wi t h al dehydes and ext r act ed wi t h Tr i t on X- 100

i n j ust t hi s way [ 4] ) .

Fr eeze- Fr act ur i ng Coat ed Pi t s

Obl i que f r act ur es t hr ough coat ed pi t s wer e al so

f ound. Repr esent at i ve exampl es ar e shown i n Fi g.

16 t hat i l l ust r at e t he over al l t hi ckness of t he coat ,

FI GURE 14

	

Vi ews of t he out si de of coat ed pi t s i n t he upper pl asma membr ane of f r eeze- dr i ed f i br obl ast s,

whi ch di spl ay spher i cal 25- nm dr opl et s t hought t o be LDL mol ecul es, among ot her smal l er and mor e

i r r egul ar sur f ace pr ot r usi ons . Mi cr ogr aphs a- c di spl ay t he pr obabl e sequence of cl ust er i ng and i ndent at i on

of LDL- r i ch pat ches of membr ane, unt i l at d t he i nvagi nat i on i s so deep t hat t he mol ecul es have most l y

di sappear ed. I n e i s shown t he et ched sur f ace of a qui ck- f r ozen f i br obl ast t hat was not f i xed and f r eeze-

dr i ed f r om di st i l l ed wat er as wer e t hose i n a- d. LDL mol ecul es ar e st i l l vi si bl e, but ar e mor e di f f i cul t t o

see ami d t he debr i s t hat dr i es ont o t he membr ane sur f ace . I n f t he pl asma membr ane of a f i xed cel l was

di ssol ved away wi t h Tr i t on X- 100 t o expose an ext er nal vi ew of t he basket wor ks t hat under l i e t he LDL-

r i ch i ndent at i ons . Bar , 0. 1 [ m. X 180, 000 .
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FI GURE 15

	

St er eo vi ew of one of t he dr opl et - l aden i ndent at i ons t hat ar e common on f r eeze- dr i ed

f i br obl ast s, t o show mor e gr aphi cal l y what ar e t hought t o be ext er nal vi ews of LDL mol ecul es i n coat ed

pi t s . Bar s, 0. 1 gm. x 110, 000 .

or , act ual l y, t he separ at i on of t he basket wor k f r om

t he pl asma membr ane i nt er i or exposed dur i ng

f r eeze- f r act ur e . Coat t hi ckness measur ed 190 A.

Coat t hi ckness has been mor e easi l y assessed by

cut t i ng t hi n sect i ons t hr ough t he cent er of coat ed

pi t s and measur i ng t he di st ance f r om t he cyt opl as-

mi c i nt er f ace of t he coat t o t he cyt opl asmi c dense

l i ne of t he pl asma membr ane' s " uni t " appear ance;

but , as a r esul t of i mage super i mposi t i on, l i t t l e has

been l ear ned f r omt hi n sect i ons about at t achment s

of t he coat t o t he pl asma membr ane . Unf or t u-

nat el y, t he edge vi ews of deep- et ched coat ed pi t s

such as t hose i n Fi g. 16 di d not r eveal much det ai l

ei t her . Ther e was no di st i nct separ at i on bet ween

t he i nner sur f ace of t he pl asma membr ane and t he

basket wor k i t sel f . I t i s her e t hat one woul d expect

t he pl asma membr ane r ecept or s f or t he coat t o be

f ound .

Deep- et chi ng of f r act ur ed pi t s such as t hose i n

Fi g. 16 mi ght al so have been expect ed t o have
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exposed t he i nt er f aces of t he basket s wi t h t he r est

of t he cyt opl asm. Unf or t unat el y, t he f br obl ast s'

cyt opl asmpr oved t o be so l oaded wi t h unet chabl e

mat er i al ( cf . r ef er ence 40) t hat ver y l i t t l e meani ng-

f ul det ai l coul d act ual l y be seen . The coat s seemed

t o f ade of f i nt o t he sur r oundi ng mat er i al . Thi s was

t r ue al so of t he i sol at ed basket s seen i n si t u ( Fi g.

9, bot t om) . I n a l at er paper , we shal l show t hat

cel l s had t o be swol l en i n di st i l l ed wat er or f i xed

wi t h al dehydes t o cl ear away t hi s unet chabl e ma-

t er i al . Unf or t unat el y, nei t her of t hese pr ocedur es

coul d be used wi t hout damage t o t he cel l . Swel l i ng

sever el y di sr upt ed t he nor mal geomet r y of t he cel l

and depol ymer i zed t he mi cr ot ubul es and some

act i n f i l ament s. Thus, t he absence of di scr et e at -

t achment s t o t he coat ed pi t s ( cf . Fi g . 1) had t o be

i nt er pr et ed wi t h caut i on . Al dehyde f i xat i on made

t he unet chabl e mat er i al st i ck i ndi scr i mi nat el y t o

t he f or med el ement s of t he cyt opl asm and, t hus,

t ended t o obscur e ever yt hi ng but t he coat ed pi t s,

FI GURE 16 Edge vi ews of f r eeze- et ched coat ed pi t s f r om unf i xed cel l s, whi ch di spl ay t he i nt er f ace

bet ween coat and membr ane ( br acket ed i n t he upper most mi cr ogr aph onl y) and t he i nt er f ace bet ween

coat and cyt opl asm at t he var i ous st ages of coat ed vesi cl e absci ssi on . Unf or t unat el y, t he membr anes of

t hese pi t s have been f r act ur ed, so t r ue i nt er nal membr ane r ecept or s f or t he coat s cannot be seen . I t i s al so

unf or t unat e t hat t he i nt er i or of deep- et ched cel l s i s so l oaded wi t h gr anul ar mat er i al t hat appar ent

at t achment s t o t he coat ( at ar r ows) ar e of dubi ous si gni f i cance. Bar , 0. 1 pm. x 230, 000 .
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whi ch wer e somehow spar ed f r om cont ami nat i on

so t hat al l t he i mages seen i n Fi gs . 2- 12 coul d be

obt ai ned . Never t hel ess, no par t i cul ar at t achment s

of cyt opl asmi c f i l ament s t o t he basket wor ks coul d

be f ound i n al dehyde- f i xed cel l s ei t her .

Li ght mi cr oscope i mmunocyt ochemi st r y has

shown t hat coat ed pi t s t end t o be al i gned i n r ows

on t he sur f ace of f ul l y spr ead f i br obl ast s ( 4) , whi ch

r ai ses t he possi bi l i t y t hat coat ed vesi cl e f or mat i on

i s associ at ed wi t h t he act i n- r i ch st r ess f i ber s t hat

t ypi f y t hese cel l s . Thi s di d not appear t o be t he

case i n t he f i br obl ast s st udi ed her e . Coat ed pi t s

seemed t o be j ust as common bet ween t he st r ess

f i ber s as i n t hei r i mmedi at e vi ci ni t y . Fi g . 17 shows

t he onl y t hr ee i nst ances we coul d f i nd i n whi ch

coat ed pi t s occur r ed near a submembr anous bun-

dl e of f i l ament s . Thi s f i gur e al so ser ves as a sum-

mar y of t he var i ous ways of vi ewi ng coat ed pi t s

i nt r oduced i n t hi s r epor t .

Fi g. 17 ( t op) i s a vi ew of a f i xed cel l sur f ace,

wi t h t he membr ane i nt act and t he LDL par t i cl es

cl ear l y vi si bl e i n a cupl i ke depr essi on . Embossed

on t he pl asma membr ane of t he t op of t hi s f i gur e

i s a gr anul ar hor i zont al band t hat pr oved t o be a

char act er i st i c r ef l ect i on of an under l yi ng f i l ament

bundl e . Fi g . 17 ( cent er ) i s a vi ew of a f i xed cel l

sur f ace af t er Tr i t on X- 100 ext r act i on i n whi ch t he

pl asma membr ane and t he LDL par t i cl es wer e

r emoved, but t he dense meshwor k under l yi ng t he

cupl i ke depr essi on was r et ai ned. Al so exposed was

a hor i zont al bundl e of cor t i cal mi cr of i l ament s,

seen i n t he upper por t i on of t he f i gur e . Ther e was

no obvi ous at t achment of t hese submembr anous

f i l ament s t o t he adj acent cupl i ke depr essi on, but

somet hi ng must have hel d i t i n pl ace when t he

membr ane was r emoved . I n Fi g . 17 ( bot t om) , t he

char act er i st i c i nsi de vi ew of t he basket wor k f r om

a f i xed, f r act ur ed, deep- et ched cel l i s shown.

Agai n, a f i l ament bundl e was i ncl uded i n t he

upper por t i on of t hi s f i gur e t o i l l ust r at e t he onl y

exampl e we coul d f i nd i n whi ch " wi sps" appear ed

t o l i nk t he basket wor k wi t h t he submembr anous

f i l ament s . However , because t hi s cel l had been

f i xed i n gl ut ar al dehyde, not hi ng speci f i c can be

sai d concer ni ng t hese wi sps .
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Our i nt er est i n coat ed vesi cl es gr ew out of obser -

vat i ons of membr ane r ecycl i ng at t he neur omus-

cul ar j unct i on by hor ser adi sh per oxi dase t r acer

t echni ques, whi ch pr ovi ded evi dence t hat coat ed

vesi cl es r et r i eve synapt i c vesi cl e membr ane f r om

t he pl asmal emma af t er t hi s membr ane i s added by

exocyt osi s ( 21) . The r ol e of coat ed vesi cl es i n

var i ous sor t s of synapses has l ong been r ecogni zed

( 5, 6, 8, 18- 21, 23, 36, 43, 53) . Our mor e r ecent

qui ck- f r eezi ng and f r eeze- f r act ur e st udi es have

subst ant i at ed t he i dea t hat coat ed vesi cl es ar e i n-

vol ved i n membr ane r et r i eval , and have f ur t her

i ndi cat ed t hat t hi s r et r i eval i s sel ect i ve by r eveal i ng

t hat i nt r amembr ane par t i cl es t hat or i gi nat e i n syn-

apt i c vesi cl es and move t o t he pl asma membr ane

dur i ng exocyt osi s ar e col l ect ed i nt o coat ed pi t s

bef or e t hey bud of f f r om t he pl asma membr ane

( 25, 26) . Thus, t he f or mat i on of coat ed vesi cl es at

t he synapse woul d appear t o be anot her i nst ance

of sel ect i ve endocyt osi s, anal ogous t o t he pr ocess

i n ot her cel l s, wher e coat ed vesi cl es sel ect i vel y

i nt er nal i ze membr ane- bound r ecept or s f or pr o-

t ei ns or hor mones as t hey bud of f f r om t he pl asma

membr ane ( 16) .

Fur t her mor e, coat ed vesi cl es seem t o be i n-

vol ved i n a var i et y of ot her membr ane shut t l i ng

pat hways i nsi de t he cel l , al l of whi ch i nvol ve

sel ect i on of a par t i cul ar bi t of membr ane and

t r ansf er t o anot her membr ane compar t ment ( 13,

42) . The coat i t sel f i s appar ent l y a ubi qui t ous

appar at us, but what i t sel ect s and wher e i t t akes

t he sel ect ed membr ane i nsi de t he cel l i s hi ghl y

var i abl e. What i s common i n ever y i nst ance i s t hat

t he coat f or ms ar ound a speci f i c par t of t he mem-

br ane t hat i s t o be budded of f . Thus, a r ol e f or t he

coat i n buddi ng has been pr esumed.

Mechani sm of Coat ed Vesi cl e For mat i on

The most compel l i ng model showi ng how t hi s

mi ght occur has been pr ovi ded by Kanaseki and

Kadot a ( 29) and i s based on t hei r di scover y t hat

t he coat i s a basket of r ods or sept a l i nked i nt o

hexagons and pent agons . They pr oposed t hat t hi s

FI GURE 17

	

Summar y of t he t hr ee ways of vi ewi ng coat ed pi t s i nt r oduced i n t hi s r epor t : ( t op) sur f ace

vi ews of f r eeze- dr i ed whol e cel l s ; ( cent er ) out si de vi ews of Tr i t on X- 100- ext r act ed cel l s, and ( bot t om) i nsi de

vi ews o£ f r eeze- f r act ur ed and deep- et ched cel l s . These exampl es wer e chosen t o i l l ust r at e t he cl ose

associ at i on bet ween coat ed pi t s and submembr anous st r ess f i ber s ( SF) whi ch i s occasi onal l y seen ( ar r ow,

bot t om) . Bar , 0 . 1 Am. x 185, 000 .
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basket under goes i nt er nal r ear r angement s beneat h

coat ed pi t s, t hat i s, t r ansf or mat i ons of hexagons

i nt o pent agons t hat f or ce t he basket and t he mem-

br ane t o cur ve i nt o a cl osed vesi cl e . I ndeed, i mages

pr esent ed i n our r epor t do show a gr eat er pr opor -

t i on of pent agons ar ound cl osed vesi cl es t han un-

der f l at coat ed pi t s . Thus, t hey suppor t Kanaseki

and Kadot a' s i dea, but how t he t r ansf or mat i on

occur s i s st i l l unknown . They wer e not necessar i l y

cor r ect i n assumi ng t hat such a t r ansf or mat i on

woul d " power " t he vesi cl e f or mat i on ; i t may be

dr i ven by unknown i nt r amembr ane f or ces, and

t he coat may si mpl y passi vel y compl y as t he mem-

br ane cur ves .

The i mages pr esent ed her e al so i l l ust r at e t hat

coat ed pi t s di spl ay a number of f i ve- seven di sl o-

cat i ons at cont r act i ons and cur vat ur es i n t he bas-

ket wor k ; t hese wer e seen sl i ght l y l ess of t en i n mor e

shar pl y cur ved pi t s and r ar el y i n i sol at ed coat ed

vesi cl es . Thus, t hey may be i nt er medi at es i n t he

pr ocess of coat cur vat ur e . Chi cken wi r e model s of

l at t i ce di scont i nui t i es showed consi der abl e st r ai n

i n t he f i ve- and seven- member r i ngs and i n t he

adj acent hexagons . Basket wor ks wi t h such f i ve-

seven pai r s may t hus t end t o r ear r ange i nt o pur e

pent agons t ot al l y sur r ounded by hexagons, whi ch,

as chi cken wi r e model s i l l ust r at ed, woul d be l ess

st r ai ned i nt er nal l y but much mor e cur ved . Cr ys-

t al l ogr aphy di ct at es t hat at l east 12 such pent a-

gonal f acet s must be pr esent i n an ot her wi se hex-

agonal basket wor k f or i t t o cur ve i nt o a cl osed

spher e .

Mechani sm of Coat ed Vesi cl e Sel ect i vi t y

Though i t i s r el at i vel y easy t o see how such a

st r uct ur al t r ansf or mat i on coul d be common t o a

var i et y of coat ed vesi cl e f or mat i on, i t i s mor e

di f f i cul t t o i magi ne how t hi s common pr ocess

achi eves t he hi gh degr ee of sel ect i vi t y t hat i s seen

i n var i ous si t uat i ons. Dependi ng on t he cel l t ype

and t he membr ane pat hways i nvol ved, coat ed ves-

i cl es sequest er and t r anspor t wi del y di f f er i ng

membr ane mol ecul es ( see r ef er ences 2, 11, 12, 17,

26, 52, 54, and 56 f or det ai l s of var i ous pat hways

i n whi ch coat ed vesi cl es ar e known t o be i nvol ved) .

Pr esumabl y, t hese membr ane mol ecul es ar e se-

l ect ed f or i ncl usi on i n t he coat ed vesi cl e because

t hey bi nd di r ect l y or i ndi r ect l y t o t he coat i t sel f .

I ndeed, evi dence i s accumul at i ng t hat t he cel l

sur f ace r ecept or s t hat ar e i ncl uded by coat ed ves-

i cl es ext end t hr ough t he pl asmal emma and possess

i nt er nal coat - bi ndi ng si t es ( 1, 3, 4, 16, 34, 35, 51,

W
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52, 54) . We ar e now engaged i n an ef f or t t o

vi sual i ze t hese i nt er nal bi ndi ng si t es wi t h t he new

t echni que descr i bed her e by exper i ment al l y di sas-

sembl i ng t he basket wor ks j ust bef or e qui ck f r eez-

i ng.

Recycl i ng and Reassembl y of t he Coat s

Ther e i s a l i t t l e doubt t hat t he basket wor ks

descr i bed her e can medi at e sever al r ounds of

coat ed vesi cl e f or mat i on wi t hout newpr ot ei n syn-

t hesi s ( 16) , but how t hey do t hi s i s not cl ear . The

si mpl est possi bi l i t y woul d be t hat t hey r emai n

per manent l y associ at ed wi t h a pat ch of r ecept or -

r i ch membr ane and si mpl y shut t l e back and f or t h

bet ween t he cel l sur f ace and i nt er nal compar t -

ment s . Thi s cl ear l y i s not t he case i n synapses,

wher e ver y f ew coat ed pi t s and coat ed vesi cl es ar e

vi si bl e unt i l vesi cl e membr ane i s added t o t he cel l

sur f ace, af t er whi ch t hey appear wi t hi n seconds

( 24, 26) ; nor does i t seem t o be t he case i n f i br o-

bl ast s . Even t hough t he t ot al number of coat ed

pi t s and coat ed vesi cl es does not seem t o var y i n

t hese cel l s, r ecept or s can be f r ee f r om t hese st r uc-

t ur es f or a si gni f i cant par t of t hei r t ot al l i f et i me

( 1, 2, 16) . Fur t her mor e, t hi n sect i ons seem t o i n-

di cat e t hat , i nst ead of shut t l i ng back and f or t h

i nt act , t he coat s f al l f r om t he vesi cl es soon af t er

t hey have separ at ed f r om t he pl asma membr ane

( 2) . Al so, t he met hod of vi ewi ng used i n our r epor t

i l l ust r at es t hat coat s ar e f or med beneat h t he

pl asma membr ane by pr ogr essi ve expansi on by

what appear s t o be pi ecemeal gr owt h f r om f oci

t hat ar e i ni t i al l y ver y smal l . Thus, r ecycl i ng of t he

coat s seems t o t ake pl ace by r epeat ed di sassembl y

and r eassembl y accompani ed by a r ever si bl e as-

soci at i on wi t h t he membr anes i nvol ved, r at her

t han by a per manent shut t l i ng of i nt act vesi cl es .

Thi s woul d agr ee wi t h bi ochemi cal f i ndi ngs t hat

i sol at ed coat s ar e hel d t oget her by noncoval ent

bonds and can be made t o assembl e and di sassem-

bl e by var yi ng t hei r i oni c envi r onment ( 30, 44- 46,

50, 55) .

I t i s not known what cont r ol s t he assembl y of

coat s agai nst cer t ai n membr anes i n vi vo, but an

i nt er est i ng l ead has been pr ovi ded by Pal ade and

Fl et cher ' s ( 42) demonst r at i on t hat anoxi a i nt er -

r upt s coat ed vesi cl e f or mat i on and makes coat

mat er i al aggr egat e i nt o smal l , empt y basket s i n

pancr eat i c aci nar cel l s . ( Af t er l ear ni ng of t hi s, we

obser ved t hat appl yi ng met abol i c i nhi bi t or s t o f r og

ner ves pr oduces t he same pl et hor a of empt y bas-

ket s t hat t hese aut hor s obser ved. )



I n heal t hy, qui ck- f r ozen cel l s, t hese empt y bas-

ket s ar e r ar el y obser ved but t hey can qui t e of t en

be seen i n chemi cal l y f i xed t i ssues ( 19, 21) and can

be i sol at ed i n consi der abl y abundance f r om ho-

mogeni zed t i ssues ( 30, 44- 46) . Thus, t hey may be

i n equi l i br i um wi t h mor e sol ubl e coat component s

i n t he cyt opl asm. I f such a sol ubl e pool exi st s,

however , i t s si ze r emai ns t o be det er mi ned. I m-

munocyt ochemi st r y wi t h ant i bodi es agai nst cl at h-

r i n, t he maj or pr ot ei n component of t he coat , has

so f ar r eveal ed onl y f ul l y f or med coat ed pi t s, wi t h

ver y l i t t l e backgr ound st ai ni ng t hat mi ght i ndi cat e

cl at hr i n i n t he cyt opl asm( 4) . However , t he f i br o-

bl ast s obser ved so f ar have been f i xed i n a manner

t hat may have washed away most of t hei r sol ubl e

pool .

The new vi ews on coat ed pi t s pr esent ed her e

suggest t hat a sol ubl e pool of cl at hr i n must exi st ,

and t hat empt y basket s do not cont r i but e di r ect l y

t o t he assembl y of new coat ed pi t s because t he

coat ed pi t si zes var i ed ( Fi g. 4) f r om j ust a f ew

f acet s t o hundr eds . Ther e was no si gn of " quant al

j umps" i n si ze, whi ch woul d be expect ed i f whol e

basket s wer e added one at a t i me, nor was t her e

any si gn of empt y basket s i n t he vi ci ni t y of newl y

f or mi ng coat ed pi t s . I nst ead, t he edges of coat ed

pi t s wer e r agged and composed of i ncompl et e

pol ygons, suggest i ng pi ecemeal assembl y . Thus,

t he empt y basket may be a r ed her r i ng .

Si ze vs. Or gani zat i on of Basket s

I n spi t e of t hei r dubi ous bi ol ogi cal si gni f i cance,

empt y basket s have been usef ul f or i l l ust r at i ng

howt he over al l basket wor k can be woven of pen-

t agons and hexagons ( 20) i n t hat empt y basket s

ar e j ust t he r i ght si ze f or good negat i ve st ai ni ng.

The onl y pr obl em has been t hat such st ai ni ng

i nvar i abl y r eveal s bot h t hei r f r ont and back si des

and cr eat es pat t er ns of super i mposi t i on t hat ar e

di f f i cul t t o i nt er pr et ( 9, 29, 30, 44- 46) . The sur f ace

r epl i cat i on t echni que used her e shows onl y t he

f r ont si de of t he basket s, and, t hus, qui t e si mpl y

conf i r ms t he st r uct ur al anal yses pr evi ousl y done

by l abor i ous compar i sons of negat i vel y st ai ned

i mages wi t h comput er gener at ed model s ( 9) . The

smal l est empt y basket s ar e about 48 nm i n di am-

et er and appear t o be composed of 16 f acet s, 12

pent agons and 4 hexagons i n a t et r ahedr al ar -

r angement . The l ar gest empt y basket s ar e about

55 nmi n di amet er and appear t o be composed of

20 f acet s, 12 pent agons and 8 hexagons, ar r anged

as bar r el s and ot her sl i ght l y asymmet r i c f or ms . I n

cont r ast , t he smal l est i nt act coat ed vesi cl es ar e

about 75 nm ( because t he smal l est possi bl e mem-

br ane vesi cl e i s about 40 nm, and t he coat ext ends

f r om t he membr ane - 20 nm on al l si des. ) Such

coat ed vesi cl es appear t o be composed of 32 f acet s,

12 pent agons and 20 hexagons, ar r anged i n a

symmet r i cal i cosahedr al pat t er n. ( These wer e t he

sor t or i gi nal l y r ecogni zed i n br ai n homogenat es

by Kanaseki and Kadot a [ 29] . They can be qui t e

cl ear l y seen i n our deep- et ched r epl i cas but coul d

not be ver y cl ear l y seen i n pr evi ous negat i ve- st ai n

st udi es [ 9] because of pr obl ems wi t h col l apse of

t he i nt er nal vesi cl e . ) The l ar gest coat ed vesi cl es,

t ypi cal of t hose f ound i n f i br obl ast s, ar e gr eat er

t han 100 nm i n di amet er and have mor e t han 100

f acet s, of whi ch onl y about 10% ar e pent agons

( t hough t he t ot al number of pent agons must pr e-

sumabl y st i l l be 12 t o f or m a cl osed, spher i cal

sur f ace) . These ar e much t oo l ar ge t o i mage by

negat i ve st ai ni ng because t hey col l apse ( cf . Fi g. 2

i n r ef er ence 46) but can cl ear l y be seen by t he

met hod we used .

Pr ot ei n Composi t i on of Basket s

Though cl at hr i n i s t he maj or component of

i sol at ed basket s ( 44, 45) , and t hough basket s can

be f or med i n vi t r o f r om pur e cl at hr i n ( 30) , t he

basket s ar ound coat ed vesi cl es i n vi vo appear t o

cont ai n at l east t wo ot her pr ot ei ns ( 30, 46, 55) .

These pr ot ei ns exer t st r ong i nf l uences on t he t end-

ency of cl at hr i n t o pol ymer i ze i n vi t r o . The st oi -

chi omet r i c r at i os of t hese accessor y pr ot ei ns vs .

cl at hr i n suggest s t hat t hey may hel p t o f or m t he

ver t i ces of t he basket s, wher e t hr ee cl at hr i n mol e-

cul es pr esumabl y come t oget her ( 30, 46) .

Our cur r ent ef f or t s ar e di r ect ed t owar d i dent i -

f yi ng t he l ocat i on of t hese accessor y pr ot ei ns by

di r ect vi sual i zat i on of ant i bodi es bound t o t hem.

We wi l l show t hat t he new vi ewi ng t echni que used

her e al l ows suf f i ci ent r esol ut i on t o vi sual i ze I gG

mol ecul es di r ect l y, wi t hout t he need f or accessor y

el ect r on- dense t ags ( J . Heuser and M. W. Ki r -

schner , manuscr i pt submi t t ed) . Thus, t he t ech-

ni que shoul d be usef ul f or i dent i f yi ng t he pr ot ei n

composi t i on of t he basket wor ks i t r eveal s so

cl ear l y .

Hear t i est t hanks t o Mar c Ki r schner and Mar gar et Lo-
pat a, Depar t ment of Bi ochemi st r y, Uni ver si t y of Cal i -

f or ni a, San Fr anci sco, f or suppl yi ng t he f i br obl ast s and

t o Lou Rei char dt and Car ol Lopez, Di vi si on of Neur o-

bi ol ogy, Uni ver si t y of Cal i f or ni a, San Fr anci sco, f or
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suppl yi ng t he coat ed vesi cl es pur i f i ed f r ombr ai n . Thanks

al so t o Ri char d Ander son and Ji mRot hman f or hel pf ul

di scussi on . Fr ank McKeon per f or med t he quant i t at i on

and st at i st i cs i n t hi s st udy .

Thi s wor k was suppor t ed by gr ant s f r omt he Muscul ar

Dyst r ophy Associ at i on of Amer i ca and t he U. S. Publ i c

Heal t h Ser vi ce ( NS- 11979) .

Recei ved f or publ i cat i on 13 August 1979, and i n r evi sed

f or m 7 November 1979.
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