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Abst r act . The avai l abi l i t y of t he r at i omet r i c Caz+ i ndi -

cat or dyes, f ur a- 2, and i ndo- 1, and advances i n di gi t al

i magi ng and comput er t echnol ogy have made i t possi -

bl e t o det ect Cal + changes i n si ngl e cel l s wi t h hi gh

t empor al and spat i al r esol ut i on . However , t he opt i cal

pr oper t i es of t he convent i onal epi f l uor escence mi cr o-

scope do not pr oduce a per f ect i mage of t he speci men .

I nst ead, t he obser ved i mage i s a spat i al l ow pass f i l -

t er ed ver si on of t he obj ect and i s cont ami nat ed wi t h

out of f ocus i nf or mat i on . As a r esul t , t he i mage has

r educed cont r ast and an i ncr eased dept h of f i el d . Thi s

pr obl em i s especi al l y i mpor t ant f or measur ement s of

l ocal i zed Caz+ concent r at i ons . One sol ut i on t o t hi s

pr obl em i s t o use a scanni ng conf ocal mi cr oscope

whi ch onl y det ect s i n f ocus i nf or mat i on, but t hi s ap-

pr oach has sever al di sadvant ages f or l ow l i ght f l uor es-

cence measur ement s i n l i vi ng cel l s . An al t er nat i ve

appr oach i s t o use di gi t al i mage pr ocessi ng and a de-

bl ur r i ng al gor i t hm t o r emove t he out of f ocus i nf or ma-

t i on by usi ng a knowl edge of t he poi nt spr ead f unct i on

of t he mi cr oscope . Al l of t hese al gor i t hms r equi r e a
st ack of t wo- di mensi onal i mages t aken at di f f er ent f o-

cal pl anes, al t hough t he " near est nei ghbor debl ur r i ng"

al gor i t hm onl y r equi r es one i mage above and bel ow

t he i mage pl ane .

T
HE concent r at i on of cyt osol i c- f r ee Cal + has been i m-

pl i cat ed i n t he r egul at i on of many bi ol ogi cal pr ocesses,
i ncl udi ng muscl e cont r act i on, secr et i on, and r egul a-

t i on of met abol i sm ( Ber r i dge, 1987 ; Wi l l i amson and Monck,
1989) . Consequent l y, i t i s i mpor t ant t o be abl e t o measur e
t he cyt osol i c Caz+ concent r at i on . Such measur ement s wer e
r evol ut i oni zed by t he i nt r oduct i on of t he f l uor escent Caz+
i ndi cat or mol ecul e qui nt and, subsequent l y, t he r at i omet r i c
dyes, f ur a- 2, and i ndo- 1 ( Tsi en, 1980 ; Gr ynki ewi cz et al . ,
1985 ; Tsi en, 1989) . The r at i omet r i c dyes exhi bi t a shi f t i n
t he exci t at i on ( f ur a- 2) or emi ssi on ( i ndo- 1) spect r a upon
bi ndi ng Caz+ whi ch al l ows cal i br at i on of t he cyt osol i c Caz+
concent r at i on wi t h a si mpl e r at i omet r i c pr ocedur e t hat cor -
r ect s f or di f f er ences i n l i ght pat h l engt h and i ndi cat or con-
cent r at i on ( Gr ynki ewi cz et al . , 1985) . The combi nat i on of
f ur a- 2 measur ement s wi t h r ecent advances i n di gi t al i magi ng
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We have used a modi f i cat i on of t hi s scheme t o con-

st r uct a si mpl e i nver se f i l t er , whi ch ext r act s opt i cal

sect i ons compar abl e t o t hose of t he near est nei ghbor s

scheme, but wi t hout t he need f or adj acent i mage sec-

t i ons. We have used t hi s " no nei ghbor s" pr ocessi ng

scheme t o debl ur i mages of f ur a- 2- l oaded mast cel l s

f r ombei ge mi ce and gener at e hi gh r esol ut i on r at i omet -

r i c Caz+ i mages of t hi n sect i ons t hr ough t he cel l . The

shal l ow dept h of f i el d of t hese i mages i s demonst r at ed

by t aki ng pai r s of i mages at di f f er ent f ocal pl anes,

0. 5- , um apar t . The secr et or y gr anul es, whi ch excl ude

t he f ur a- 2, appear i n f ocus i n al l sect i ons and di st i nct

changes i n t hei r si ze and shape can be seen i n adj acent

sect i ons . I n addi t i on, we show, wi t h t he ai d of model

obj ect s, how t he combi nat i on of i nver se f i l t er i ng and

r at i omet r i c i magi ng cor r ect s f or some of t he i nher ent

l i mi t at i ons of usi ng an i nver se f i l t er and can be used

f or quant i t at i ve measur ement s of l ocal i zed Ca2+ gr adi -

ent s . Wi t h t hi s t echni que, we can obser ve Caz+ t r an-

si ent s i n nar r ow r egi ons of cyt osol bet ween t he secr e-

t or y gr anul es and pl asma membr ane t hat can be l ess

t han 0. 5- / Am wi de . Mor eover , t hese Caz+ i ncr eases can

be seen t o coi nci de wi t h t he swel l i ng of t he secr et or y

gr anul es t hat f ol l ows exocyt ot i c f usi on .

and comput er t echnol ogy has made i t possi bl e t o det ect some

i nt er est i ng t empor al and spat i al changes i n t he i nt r acel l ul ar

Caz+ concent r at i on i n si ngl e cel l s ( Cohan et al . , 1987; Wi er

et al . , 1987; Connor et al . , 1987 ; O' Sul l i van et al . , 1989 ;
Monck et al . , 1990a ; Rooney et al . , 1990) .

The det ect i on of l ocal i zed Ca- concent r at i ons usi ng a

convent i onal epi f l uor escence mi cr oscope i s l i mi t ed because

t he f i ni t e numer i cal aper t ur e of t he obj ect i ve r esul t s i n di s-
t or t i on of t he i mage and r educed i mage cont r ast . The l i ght
emanat i ng f r om an i deal poi nt sour ce becomes spr ead out
and t akes on a char act er i st i c t hr ee- di mensi onal shape, t he
poi nt spr ead f unct i on, or PSF ( Cast l eman, 1979 ; Agar d,
1984) . As a r esul t t he obser ved i mage i s bl ur r ed and i s con-
t ami nat ed wi t h out - of - f ocus l i ght . The pr obl em i s most
si gni f i cant i n t he axi al di r ect i on so t hat t he appar ent dept h
of f i el d i s i ncr eased . I f par t of a cel l has a l ocal i zed hi gh
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Cal + concent r at i on, t hen l i ght f r omt hi s r egi on wi l l be con-

t ami nat ed wi t h out - of - f ocus l i ght f r ompar t s of t he cel l wi t h

a l ower Cal + concent r at i on and t he appar ent gr adi ent wi l l

be smal l er and mor e spr ead out t han t he r eal gr adi ent . I n

pr act i ce t hi s has meant t hat measur ement of l ocal i zed Cat +

concent r at i on has been r est r i ct ed t o cel l s wi t h di st i nct st r uc-
t ur es such as neur ons wi t h pr omi nent axons and dendr i t i c
pr ocesses ( Cohan et al . , 1987; Li pscombe et al . , 1988) , f l at -

t ened cel l s i n whi ch i t has been possi bl e t o see waves of

Cal + pr opagat i ng acr oss si ngl e cel l s and bet ween adj acent

cel l s ( Cor nel l - Bel l et al . , 1990 ; Rooney et al . , 1990) , and

cel l s wher e l ocal i zed changes occur i n r el at i vel y l ar ge

r egi ons of t he cel l such as t he nucl eus or ar eas r i ch i n ER
( Wi l l i ams et al . , 1985 ; Connor et al . , 1987 ; O' Sul l i van et al . ,

1989) . However , i t has not been possi bl e t o measur e l ocal -

i zed changes i n smal l r ounded cel l s.

One sol ut i on t o t he pr obl em of i mage di st or t i on by t he

l i ght pat h i s t o use one of t he var i ous t ypes of scanni ng conf o-

cal mi cr oscopes ( Br akenhof f et al . , 1989 ; Wr i ght et al . ,

1989 ; Shot t on, 1989 ; Li cht man et al . , 1989) . I n conf ocal

mi cr oscopy t he obj ect i s i l l umi nat ed wi t h a di f f r act i on-

l i mi t ed spot , usual l y usi ng a f ocused l aser beam, and t he

l i ght r eachi ng t he det ect or i s spat i al l y r est r i ct ed by a pi nhol e

aper t ur e pl aced i n an i mage pl ane i n f r ont of t he det ect or ,

so t hat out of f ocus l i ght i s excl uded . An i mage i s bui l t up

by scanni ng t hr ough t he i mage pl ane poi nt - by- poi nt ei t her by

movi ng t he i l l umi nat ed poi nt ( l aser scanni ng) or t he speci -

men ( st age scanni ng) . Thus each poi nt i n a conf ocal i mage

cont ai ns l i ght mai nl y f r oma cor r espondi ng poi nt i n t he ob-

j ect . The r esul t i s an i mage wi t h gr eat l y i mpr oved axi al r eso-

l ut i on and al so an i mpr oved l at er al r esol ut i on ( Br akenhof f

et al . , 1989 ; Shot t on, 1989 ; I noue, 1990) . The t andem-

scanni ng conf ocal mi cr oscope uses a si mi l ar pr i nci pl e except

t hat , i nst ead of usi ng a l aser , an i l l umi nat i ng aper t ur e i s

scanned r el at i ve t o a st at i onar y opt i cal beamand st at i onar y

speci men by r api dl y r ot at i ng a Ni pkow di sk cont ai ni ng sev-

er al t housand pai r s of di amet r i cal l y opposed aper t ur es, one

ser vi ng as t he i l l umi nat i on aper t ur e and i t s pai r as t he exi t

pi nhol e . A si mi l ar appr oach i s used i n t he spi r al scanni ng

conf ocal mi cr oscope, except t hat t he same pi nhol es i n t he

Ni pkowdi sk ar e used f or bot h i l l umi nat i on and exi t pi nhol es.

For Cal + measur ement s t he scanni ng conf ocal mi cr o-

scopes have sever al di sadvant ages . Fi r st , t her e ar e t echni cal

di f f i cul t i es i n usi ng t he dual exci t at i on or emi ssi on i ndi ca-

t or s . Ther ef or e, di f f er ences i n dye concent r at i on or di f f er -

ences i n t he pat h l engt h due, f or exampl e, t o smal l or ganel l es

t hat excl ude t he i ndi cat or mol ecul e cannot be cor r ect ed f or

usi ng t he r at i omet r i c pr ocedur es t hat make f ur a- 2 and i ndo- 1

t he nor mal i ndi cat or s of choi ce ( Tsi en, 1989) . Second, f or

measur ement of t he l ow l i ght i nt ensi t i es t ypi cal of Cal +

measur ement s i n smal l cel l s t he amount of l i ght col l ect ed can

become l i mi t i ng because of t he r equi r ement t o scan t he

pi xel s sequent i al l y, and i n t he case of t he l aser scanni ng

mi cr oscopes, because t he mi r r or s and opt i cal el ement s

necessar y f or t he scanni ng have a l ow t ot al t r ansmi ssi on

( Wel l s et al . , 1990) . Thi s can be over come by i ncr easi ng t he

i l l umi nat i on i nt ensi t y but hi gh i l l umi nat i on i nt ensi t i es can,

i n some cases, cause pr obl ems of f l uor ophor e sat ur at i on, i n-

cr eased phot obl eachi ng and/ or i ncr eased phot ocyt ot oxi ci t y

( Wel l s et al . , 1990 ; Tsi en and Waggoner , 1990) . For any of

t he scanni ng conf ocal mi cr oscopes t he det ect ed si gnal can be

i ncr eased by i ncr easi ng t he si ze of t he exi t pi nhol e or by
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r epl aci ng t he pi nhol e wi t h a sl i t ( Li cht man et al . , 1989) , but
at t he expense of r educed r ej ect i on of out of f ocus l i ght . Thi s
pr obabl y expl ai ns why r epor t s of conf ocal Cal + measur e-
ment s have mai nl y used f l uo- 3 i n r el at i vel y l ar ge cel l s
( Her nandez- Cr uz et al . , 1990 ; Wr i ght et al . , 1989 ; Ni ggl i
and Leder er , 1990) .

An al t er nat i ve means of achi evi ng an opt i cal sect i on wi t h
a shal l ow dept h of f i el d i s t o col l ect t he i mages usi ng a con-
vent i onal mi cr oscope and cor r ect f or out of f ocus i nf or ma-
t i on and i mage di st or t i on usi ng di gi t al i mage pr ocessi ng
t echni ques and a knowl edge of t he poi nt spr ead f unct i on of
t he mi cr oscope . Sever al such pr ocedur es have been devel -
oped f or ext r act i ng pur e opt i cal sect i ons bef or e r econst r uc-
t i on of t hr ee- di mensi onal i mages f r om a st ack of t wo-
di mensi onal i mages ( Cast l eman, 1979 ; Agar d, 1984 ; Agar d
et al . , 1989 ; Fay et al . , 1989) . One r el at i vel y si mpl e pr oce-
dur e, t he " near est nei ghbor s debl ur r i ng scheme" assumes
t hat l i ght f r omadj acent sect i ons ( i . e . , i mages obt ai ned wi t h
a known shi f t i n t he f ocus) account s f or t he maj or i t y of t he
out of f ocus i nf or mat i on ( Wei nst ei n and Cast l eman, 1971 ;
Cast l eman, 1979 ; Gr uenbaumet al . , 1984 ; Agar d, 1984) .
The cont r i but i on of l i ght f r omt he nei ghbor i ng sect i ons i s es-
t i mat ed by bl ur r i ng t he adj acent sect i ons by convol ut i on wi t h
t he out of f ocus poi nt spr ead f unct i on . These bl ur r ed i mages
ar e t hen subt r act ed f r omt he i n f ocus sect i on and f i nal l y t he
i mage i s shar pened by convol ut i on wi t h a Wi ener i nver se
f i l t er . Af t er pr ocessi ng, t he si gnal r emai ni ng i n each pi xel i n
t he i mage cor r esponds pr edomi nant l y t o l i ght f r oma conf o-

cal poi nt i n t he obj ect .

For t i me- r esol ved Cal + measur ement s, t he r equi r ement
t o t ake sever al i mages at di f f er ent f ocal pl anes i s a maj or di s-
advant age . I deal l y, one woul d be abl e t o appl y a t wo-
di mensi onal i nver se f i l t er t o a si ngl e i mage t o obt ai n a t hi n
sect i on t hr ough t he cel l . I n t hi s st udy, we have used a si mpl e

modi f i cat i on of t he near est nei ghbor s debl ur r i ng scheme t o

obt ai n r at i omet r i c f ur a- 2 i mages f r ommast cel l s . We show
t hat when t he i n f ocus i mage i s used i nst ead of adj acent i m-
age pl anes f or t he debl ur r i ng, t he r est or ed i mage i s al most
i dent i cal t o t hat obt ai ned usi ng t he near est nei ghbor s scheme .
The pr ocessed i mages have gr eat l y r educed bl ur r i ng and r e-
duced dept h of f i el d and al l ow measur ement of t he cyt osol i c

Cat + concent r at i on i n smal l r egi ons of t he i mage pl ane be-
t ween t he pl asma membr ane and secr et or y gr anul e t hat ar e
l ess t han 0. 5 umacr oss .

Mat er i al s and Met hods

Mast Cel l Pr epar at i on

Mast cel l s wer e pr epar ed f r om adul t bei ge ( bgi / bgi ) mi ce ( Jackson Labor a-

t or i es, Bar Har bor , ME) as descr i bed pr evi ousl y ( Monck et al . , 1990b) .

Br i ef l y, mouse per i t oneal mast cel l s wer e obt ai ned by a per i t oneal l avage,

pl at ed ont o gl ass bot t omcul t ur e chamber s, and st or ed at 37° C under a 5 %

C02 at mospher e unt i l use. The medi um f or t hi s i ncubat i on cont ai ned ( i n

mi l l i mol ar ) : 136 NaCl , 10 Hepes, 0. 8 NaOH, 0. 9 MgC12, 1 . 8 CaC12, 45

NaHCO2, 0. 8 K2HP04, 2 . 5 gl ucose ( pH 7. 2) . For exper i ment s, t he i ncu-

bat i on medi um was r epl aced by a modi f i ed Ri nger ' s sol ut i on cont ai ni ng

( i n mi l l i mol ar ) : 150 NaCl , 10 Hepes, 2 . 8 KOH, 1 . 5 NaOH, 1 M9C12,

2 CaC12, and 25 gl ucose ( 310 mmol / kg ; pH 7. 25) .

The Opt i cal Sect i oni ng Mi cr oscope Syst em

Our exper i ment s wer e done on a mi cr oscope syst embui l t ar ound an i nver t ed

I M 35 mi cr oscope ( Car l Zei ss, Ober kochen, Ger many) equi pped wi t h a
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pel t i er cool ed ( - 40° C) char ge coupl ed devi ce ( CCD) camer a ( Phot omet -

r i cs, Lt d . , Tucson, AZ) . The CCD chi p was a 1, 024 x 1, 000 pi xel TI 215-

30 ( Texas I nst r ument s, Lubbock, TX) and i mages wer e col l ect ed wi t h 12-

bi t r esol ut i on . The camer a and sever al ot her devi ces wer e cont r ol l ed f r om

a mi cr ocomput er ( Compaq Desk Pr o 386/ 25 ; Compaq Comput er Cor por a-

t i on, Houst on, TX) usi ng an I EEE- 488 i nt er f ace ( Nat i onal I nst r ument s,

Aust i n, TX) . Fi g . 1 shows t he mi cr oscope syst emwi t h t he epi f l uor escence

pat hway i n schemat i c f or m. A st epper mot or ( model MC 2000 ; Daedal ,

I nc . , Har r i son Ci t y, PA) was at t ached t o t he f i ne f ocus of t he mi cr oscope,

enabl i ng t he f ocus t o be moved under comput er cont r ol . The exact posi t i on

of f ocus was det er mi ned usi ng a mi cr oposi t i oner ( model MT 25 ; Hei den-

hai n Cor por at i on, El k Gr ove Vi l l age, I L . ) . The mi cr oposi t i oner r et ur ns a

number at 0. 5- Am i nt er val s . However , by sl owl y st eppi ng t he mot or unt i l

t he t r ansi t i on bet ween t wo val ues occur r ed, accur acy bet t er t han 0. 1 Am

coul d be obt ai ned.

A 100 Wmer cur y l amp housi ng ( Car l Zei ss) was at t ached t o a shut t er -

f i l t er wheel assembl y ( Ludl El ect r oni c Pr oduct s, Lt d . , Scar sdal e, NY) .

Thi s devi ce al l owed us t o change exci t at i on wavel engt h and cont r ol t he t i me

of exposur e under comput er cont r ol . An ul t r avi ol et t r ansmi t t i ng si l i ca f i ber

( 2 ml engt h ; 1- mmdi am; Gener al Fi br e, Cedar Gr ove, NJ) was used t o cou-

pl e t he l amp assembl y t o t he epi f l uor escence at t achment of t he I M- 35 mi -

cr oscope . The scr ambl ed l i ght f r om t he l i ght gui de was col l i mat ed wi t h a

quar t z convex l ens . The or i gi nal l enses i n t he Zei ss epi f l uor escence at t ach-

ment wer e r emoved . I mages col l ect ed by t he CCDcamer a wer e t r ansf er r ed

t o a Mer cur y f l oat i ng poi nt ar r ay pr ocessor ( model MC 3200, Mer cur y

1 . Abbr evi at i ons used i n t hi s paper : CCD, char ge- coupl ed devi ce ; CTF,

cont r ast t r ansf er f unct i on ; GTPyS, guanosi ne- 5' - o- ( 3- t hi ot r i phosphat e) ;

PSF, poi nt spr ead f unct i on .

Monck et al . Thi n- sect i on Radi omet r i c Cal * I magi ng

Fi gur e 1. Schemat i c r epr esen-

t at i on of t he appar at us used

f or f l uor escence measur e-

ment s . Epi f l uor escence mea-

sur ement s wer e made usi ng a

Zei ss i nver t ed I M35 mi cr o-

scope equi pped wi t h ei t her a

Zei ss Neof l uar ( x100, NA

1 . 3) or Zei ss Pl anapo ( x63,

NA 1 . 4) obj ect i ve . Li ght f r om

a 100 Wmer cur y l amp was

passed t hr ough a shut t er and

f i l t er wheel assembl y and cou-

pl ed t o t he mi cr oscopi c epi -

f l uor escence at t achment wi t h

a 1- mm di am. si l i ca opt i cal

f i ber . Fl uor escence i mages

wer e acqui r ed wi t h a pel t i er

cool ed CCD camer a . A st ep-

per mot or was used t o change

t he f ocus and a mi cr oposi -

t i oner gave an accur at e mea-

sur e of t he f ocal posi t i on . An

I EEE- 488 i nt er f ace was used

t o cont r ol t he f i l t er wheel ,

mi cr oposi t i oner , st epper mo-

t or , and CCD camer a r e-

mot el y f r om t he mi cr ocom-

put er . I mages f r om t he CCD

camer a wer e t r ansf er r ed t o t he

mi cr ocomput er and pr ocessed

on a 20 MFLOPS f l oat i ng

poi nt ar r ay pr ocessor .

Comput er Syst ems, I nc. , Lowel l , MA) f or i mage mani pul at i on. The com-

put er pr ogr ams ( avai l abl e on r equest ) f or dat a col l ect i on, cont r ol of var i ous

devi ces, i mage pr ocessi ng on t he Mer cur y and di spl ay wer e cust om wr i t t en

as modul es r unni ng wi t h t he I mage Pr o sof t war e package ( Medi a Cyber -

net i cs, Si l ver Spr i ng, MD) . I mages wer e di spl ayed usi ng a Pepper Pr o hi gh

r esol ut i on vi deo i nt er f ace ( Number Ni ne Comput er Cor por at i on, Cam-

br i dge, MA) and Mi t subi shi hi gh r esol ut i on col or moni t or ( Mi t subi shi

El ect r i c Cor por at i on, Tokyo, Japan) or on a Si l i con Gr aphi cs Per sonal I r i s

wor k st at i on usi ng t he ANALYZE sof t war e package ( Bi odynami ca Re-

sear ch Uni t , Mayo Cl i ni c, Rochest er , MN) .

I mage Pr ocessi ng Schemes f or Ext r act i on of
Opt i cal Sect i ons

The i mage pr ocessi ng scheme i s a modi f i cat i on of t he near est nei ghbor s

scheme used by Agar d and col l eagues t o r emove out of f ocus i nf or mat i on

f r omeach of a st ack of t wo- di mensi onal sect i ons bef or e r econst r uct i on of

a t hr ee- di mensi onal i mage . To expl ai n our scheme i t i s usef ul t o br i ef l y sum-

mar i ze t he assumpt i ons and equat i ons under l yi ng t he near est nei ghbor s

scheme ( f or a mor e compl et e descr i pt i on see Cast l eman, 1979 ; Agar d,

1984 ; Agar d et al . , 1989) . I t i s assumed t hat al l t he l i ght i n t he obser ved

i mage i s cont r i but ed by t he i n f ocus i mage pl ane and t he t wo adj acent i mage

pl anes :

ol = i i * so + i i +, * s1 + i i - , * s- ,

wher e of i s t he obser ved i mage ; i j t he act ual i n- f ocus i mage ; i i +, and i i - 1
t he i mages i n t he nei ghbor i ng pl anes ; sa t he i n f ocus poi nt spr ead f unct i on ;

and s, and s- 1 t he out of f ocus poi nt spr ead f unct i ons ( we have used t he
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same not at i on as Agar d et al . , 1989) . The " ` r epr esent s a convol ut i on oper a-
t or ( Cast l eman, 1979) . By t aki ng t he Four i er t r ansf or mat i on of bot h si des

of t he equat i on t he convol ut i on oper at or can be r epl aced by a si mpl e mul -

t i pl i cat i on:

Oj = I j S0 + I j +I SI + 1j - 1S- 1

wher e SI and So ar e now t he cont r ast t r ansf er f unct i ons, t he Four i er t r ans-

f or ms of t he poi nt spr ead f unct i ons . Then i f i t i s assumed t hat 0j +, and
Oj - , can be used as appr oxi mat i ons f or 1j +1 and I j - 1 , and i gnor i ng t he sl i ght

di f f er ence bet ween SI and S- 1, t he equat i on can be r ewr i t t en :

I j = I Q - c( Oj +I + 0j - 1) SI ) / So

wher e c i s an empi r i cal const ant . One pr obl em wi t h usi ng t he i nver se of

So as a f i l t er i s t hat at hi gh spat i al f r equenci es noi se wi l l domi nat e. A sol u-

t i on t o t hi s pr obl em i s t o r epl ace 1/ S, wi t h a Wi ener i nver se f i l t er ( Agar d

et al . , 1989) .

For pr ocessi ng our i mages we have used a modi f i cat i on of t he near est

nei ghbor s debl ur r i ng scheme, whi ch we wi l l r ef er t o as t he no nei ghbor s de-

bl ur r i ng scheme . An except i on i s i n Fi g . 2 i n whi ch we use t he near est
nei ghbor s scheme i t sel f f or di r ect compar i son . The near est nei ghbor s ap-

pr oach assumes t hat , f or t he pur poses of t he bl ur r i ng, t he t r ue i mages i n
t he adj acent pl anes can be r epl aced by t he obser ved i mages, i . e . , t hat I j + 1S1

and 1j - I SI can be appr oxi mat ed by Oj +, SI and 0j - I S,. We want ed t o be abl e
t o avoi d t he need f or t aki ng t hr ee sect i ons f or t i me cour se measur ement s

of Cal ' concent r at i on . Ther ef or e, we made t he addi t i onal assumpt i on t hat
t he bl ur r ed i mage ( Oj S, ) can be used i nst ead of t he bl ur r ed nei ghbor s

( Oj +I SI and Oj - , S, ) . Thus t he equat i on we use i s :

I j =[ Oj - 2cOj SI ] G

wher e G i s a Wi ener i nver se f i l t er of t he f or m G = So/ ( S2 + ca) and a i s

an empi r i cal const ant . The best val ue f or a depends upon t he t ot al si gnal

and si gnal t o noi se of t he i mages ( t ypi cal val ues i n t he r ange 0. 5- 5 . 0) . We

use t heor et i cal cont r ast t r ansf er f unct i ons f or So and SI cal cul at ed usi ng t he

equat i ons gi ven by Agar d ( 1984) . For cal cul at i ng S, we assume a sect i on

spaci ng ( Oz) whi ch ser ves t o cont r ol t he t hi ckness of t he opt i cal sect i ons .

The val ues of t he par amet er s used i n gener at i ng a par t i cul ar ser i es of i mages

ar e gi ven i n t he f i gur e l egends . Typi cal val ues used f or Az ar e 0. 5 and 1 Am

and f or c ar e 0. 48 t o 0. 50. The cr i t er i a used t o sel ect t he val ues f or Az and

c ar e di scussed i n det ai l i n t he Di scussi on . Ot her par amet er s f or cal cul at i ng

So and SI ar e t he numer i cal aper t ur e of t he obj ect i ve l ens, t he wavel engt h

of emi t t ed l i ght , pi xel si ze, and t he i ndex of r ef r act i on of t he obj ect i ve i m-

mer si on oi l . The i nver se f i l t er i ng usual l y i nt r oduces some negat i ve val ues

i nt o t he i mages . Ther ef or e, we appl i ed a t hr eshol d oper at i on t o set negat i ve

val ues t o zer o ( i . e . , a nonnegat i vi t y const r ai nt ) .

Model i ng of I magi ng Pr oper t i es of t he Mi cr oscope

Model i mages wer e const r uct ed by bl ur r i ng a ser i es of sect i ons r epr esent i ng

t he speci men accor di ng t o t he poi nt spr ead f unct i on of t he mi cr oscope cal -

cul at ed as descr i bed above. The model s const r uct ed wer e f or 10- pm- di am

spher i cal l y symmet r i c cel l s assumi ng t he t hr ee- di mensi onal model coul d be

r epr esent ed by a ser i es of sect i ons, 0. 1- Am apar t . The model f or t he ob-

ser ved i mage was cal cul at ed usi ng t he f ol l owi ng equat i on :

Oi = ) ]

	

I j +k Sk

wher e k r epr esent s successi ve sect i ons above ( posi t i ve k) and bel ow ( nega-

t i ve k) t he i n f ocus i mage pl ane ( k = 0) . An el l i psoi dal obj ect wi t h zer o

i nt ensi t y was pl aced i n t he cel l t o r epr esent a secr et or y gr anul e whi ch ex-

cl udes Ca
l

' i ndi cat or . The debl ur r i ng was exact l y as descr i bed f or t he r eal

i mages .

Label i ng of Secr et or y Gr anul es wi t h Qui nacr i ne

Mast cel l s wer e l abel ed wi t h qui nacr i ne by i ncubat i ng t he cel l s i n ext r acel -

l ul ar medi umsuppl ement ed wi t h 2 . 5 AMqui nacr i ne f or 5 mi n. Qui nacr i ne

i s a conveni ent f l uor escent l abel f or secr et or y gr anul es because i t par t i t i ons

i nt o aci di c compar t ment s . For f l uor escence measur ement s t he exci t at i on

wavel engt h was sel ect ed wi t h an i nt er f er ence f i l t er cent er ed at 470 nmand

t he emi ssi on a 520- nm l ong pass f i l t er . The f i l t er bl ock cont ai ned a Zei ss

490- nm di chr oi c mi r r or .

Measur ement of Cal + Concent r at i on wi t h Fur a- 2

Mast cel l s wer e l oaded wi t h t he pent apot assi um sal t of f ur a- 2 usi ng a pat ch

The Jour nal of Cel l Bi ol ogy, Vol ume 116, 1992

pi pet t e. Thi s i s t he pr ef er r ed met hod because l oadi ng wi t h t he acet oxy-

met hyl est er r esul t s i n a pr opor t i on of t he i ndi cat or ent er i ng t he secr et or y

gr anul es of mast cel l s wher eas wi t h t he pi pet t e t he i ndi cat or i s r est r i ct ed

t o t he cyt osol ( Al mer s and Neher , 1985) . The pi pet t e sol ut i on cont ai ned

( i n mi l l i mol ar ) : 155 K- gl ut amat e, 10 Hepes, 7 MgCl 2, 3 KOH, 200 AM

ATP, 1 AM GTP- yS, and 400 AM f ur a- 2 ( 290 mmol / kg, pH 7. 2) . For t he

opt i cal sect i oni ng exper i ment ( Fi g. 5) , i n whi ch we want ed t o pr event CaZ +

t r ansi ent s and exocyt osi s, t he ATP and GTP- yS wer e omi t t ed f r omt he l oad-

i ng medi um. A f i r e- pol i shed pi pet t e was used t o obt ai n a gi ga seal and t hen

gent l e suct i on was used t o br eak i nt o whol e cel l mode. Af t er 20- 30 s, dur -

i ng whi ch t he pi pet t e cont ent s wer e al l owed t o di f f use i nt o t he cel l , t he pat ch

pi pet t e was pul l ed away f r om t he cel l l eavi ng an i nt act cel l l oaded wi t h

f ur a- 2 ( Al mer s and Neher , 1985) . Thi s per i od was t oo shor t f or equi l i br a-

t i on of cyt osol wi t h t he pi pet t e cont ent s, but was l ong enough t o l oad t he

cel l s wi t h suf f i ci ent f ur a- 2 wi t h mi ni mal washi ng out of t he cyt osol i c con-

t ent s . Fl uor escence i mages of f ur a- 2- l oaded cel l s wer e col l ect ed sequen-

t i al l y at t wo exci t at i on wavel engt hs ( 2- s exposur es i n Fi gs . 3 and 6 ; 5 s i n

Fi gs . 4 and 5) . The wavel engt hs wer e sel ect ed wi t h i nt er f er ence f i l t er s cen-

t er ed at 350 and 385 am ( 10- nmbandwi dt h at hal f - maxi mal t r ansmi t t ance;

Omega Opt i cal , Br at t l ebor o, VT) , r espect i vel y . The f i l t er bl ock of t he mi -

cr oscope cont ai ned a Zei ss 425 r un di chr oi c mi r r or and t he emi ssi on wave-

l engt h was sel ect ed wi t h a 480 nml ong- pass f i l t er t o maxi mi ze t he amount

of l i ght col l ect ed . Al l f ur a- 2 i mages wer e acqui r ed on a 128x128 pi xel ar ea

of t he CCD chi p cor r espondi ng t o t he posi t i on of t he cel l . Al t hough t he cel l

coul d have been pr oj ect ed ont o a l ar ger ar ea of t he CCD chi p, t hi s woul d

r educe t he amount of l i ght per pi xel wi t hout i ncr easi ng t he spat i al r esol ut i on

of t he i mage, whi ch i s l i mi t ed by t he numer i cal aper t ur e of t he obj ect i ve.
Dependi ng upon t he exper i ment , each pi xel cor r esponded t o a squar e i mage

ar ea of 0. 108 or 0. 167 Amsi de.

Rat i o f ur a- 2 i mages ar e obt ai ned usi ng a t hr ee- st ep pr ocedur e : back-

gr ound subt r act i on, i mage debl ur r i ng, and r at i oi ng . Fi r st , a dar kf i el d i mage

i s subt r act ed f r ombot h 350- and 385- nn i mages . The dar kf i el d i mage was

col l ect ed wi t h t he i l l umi nat i on pat h shut t er cl osed but wi t h t he CCDcamer a
shut t er open so t hat t he i mages ar e cor r ect ed f or DC of f set , dar k cur r ent

accumul at i on dur i ng t he i nt egr at i on and r eadout t i me and any st r ay back-

gr ound l i ght . No cor r ect i on was made f or aut of l uor escence of t he cel l ,

whi ch was negl i gi bl e, or of t he obj ect i ve whi ch was l ess t han 5 %of t he t ot al

si gnal . Mor eover , t he backgr ound f l uor escence of t he opt i cal syst emi s a l ow

f r equency component of t he i mage and i s ef f ect i vel y r emoved by t he i magi ng

pr ocessi ng pr ocedur e . Next t he dar kf i el d subt r act ed 350- and 385- r un i m-

ages ar e pr ocessed i n t he Four i er domai n usi ng t he no nei ghbor s scheme
descr i bed above. Fi nal l y, t he r at i o of t he 350- and 385- nmi mages i s t aken

i n t he spat i al domai n . I n most f i gur es t he r at i o i mages ar e shown wi t h no

f ur t her pr ocessi ng such as t hr eshol di ng . However , a f ur t her i mpr ovement

i n t he appear ance of t he i mages can be obt ai ned by appl yi ng a t hr eshol d

mask ( e. g. , t he r at i o i mages i n Fi g . 6) , t o r emove t he noi sy backgr ound r a-

t i os t hat occur i n r egi ons wher e t her e i s no dye. The mask we use i s obt ai ned

by t hr eshol di ng t he pr ocessed 350- nmi mage at a par t i cul ar i nt ensi t y . The

350- r un i mage i s used i n pr ef er ence t o t he 385- nn i mage because at t hi s

wavel engt h t her e i s onl y a smal l change i n t he si gnal dur i ng t he Cal ' t r an-

si ent s . The f i l t er ed i mage i s used as i t pr ovi des a shar p edge t o t he cel l s t hat

i s r el at i vel y i nsensi t i ve t o changi ng t he t hr eshol d val ue, i n cont r ast t o t he

ef f ect of t he t hr eshol d on t he unpr ocessed i mage, whi ch under goes l ar ge

changes i n appar ent di amet er . The Cal ' cal i br at i on used t he r at i omet r i c

met hod descr i bed by Gr ynki ewi cz et al . ( 1985) :

wher e Ri s t he r at i o of f ur a- 2 f l uor escence wi t h 350- r un exci t at i on di vi ded

by t he f l uor escence wi t h 385- nmexci t at i on at a gi ven poi nt i n t i me, Rma, c i s

t he r at i o when al l t he f ur a- 2 i s bound t o Cal
l

, Rmi n i s t he r at i o when al l

t he f ur a- 2 i s i n t he f r ee aci d f or m, R i s t he r at i o of f l uor escence of f r ee f ur a- 2

di vi ded by t he f l uor escence of Cal ' - bound f ur a- 2 wi t h 385- nn exci t at i on,

and KD i s t he di ssoci at i on const ant f or f ur a- 2 and Cal ' bi ndi ng . The cal i -

br at i on par amet er s obt ai ned f r om sol ut i ons of f ur a- 2 wer e as f ol l ows : Rm-

= 7. 0 ; Rmi n = 0. 19; and 0 = 23 . 2 . The KD was assumed t o be 224 nM

( Gr ynki ewi cz et al . , 1985) .

Resul t s

74 8

[ Ca21] = KD a ( R - Rmi n) / ( Rmax - R)

The bei ge mouse i s a pi gment mut ant i n whi ch t he mast cel l s

have char act er i st i cal l y l ar ge secr et or y gr anul es t hat can be

3- 4 F. m acr oss . Apar t f r ombei ng a val uabl e model syst em

f or st udyi ng t he exocyt ot i c f usi on por e ( Al mer s and Br eck-

enr i dge, 1987 ; Monck et al . , 1990b, 1991) , t he bei ge mouse

mast cel l i s a usef ul model f or eval uat i ng an i magi ng syst em



Fi gur e 2. Compar i son of t he near est nei ghbor s debl ur r i ng scheme wi t h t he no- nei ghbor s scheme . ( A) A hi gh r esol ut i on 512 x 512 pi xel
i mage of a bei ge mouse mast cel l st ai ned wi t h qui nacr i ne ( obt ai ned usi ng a Zei ss Pl anapo x63, NA 1 . 4 obj ect i ve) . Al t hough i t can be

seen t hat qui nacr i ne pr edomi nant l y st ai ns t he secr et or y gr anul es, t he edges of t he gr anul es ar e poor l y def i ned due t o degr adat i on of t he
i mage by t he opt i cal syst em. The pr of i l e shows t he qui nacr i ne i nt ensi t y f or a l i ne t hr ough t he t wo l ar ge secr et or y gr anul es and a smal l
gr anul e as i ndi cat ed . ( B) The same cel l af t er pr ocessi ng wi t h t he near est nei ghbor s debl ur r i ng scheme. Two nei ghbor i ng sect i ons t aken
wi t h a shi f t i n f ocus 0 . 5 l mabove and bel ow t he i mage pl ane wer e used f or t hi s pr ocedur e . Aval ue of 0. 45 was used f or c as r ecommended
by Agar d ( 1984) . The pr of i l e shows t hat qui nacr i ne i nt ensi t y i s consi der abl y hi gher i n t he secr et or y gr anul es t han i n t he cyt osol and t hat
t he st ai ni ng i s uni f or mi n t he t wo l ar ge gr anul es . ( C) The same cel l af t er pr ocessi ng wi t h t he no nei ghbor s scheme gi ves an al most i dent i cal
i mage t o t he near est nei ghbor s scheme. Par amet er s used f or const r uct i ng t he f i l t er s wer e : c = 0 . 45, oz = 0. 5 Wm; a = 0. 5 ; and pi xel
si ze = 0 . 028 I m.

because t he secr et or y gr anul es and cyt osol ar e di st i nct st r uc-

t ur es t hat can be speci f i cal l y l abel ed wi t h f l uor escent mar k-

er s . Fi g . 2 A shows a convent i onal epi f l uor escence i mage of

a bei ge mouse mast cel l st ai ned wi t h qui nacr i ne . Al t hough

i t i s known t hat qui nacr i ne par t i t i ons i nt o t he aci di c envi r on-

ment i nsi de secr et or y gr anul es, t he st r uct ur e of t he secr et or y

gr anul es cannot be cl ear l y r esol ved . The i nt ensi t y pr of i l e

shows t hat t he gr anul es appear mor e br i ght l y st ai ned i n t he

cent er , due t o t he l onger l i ght pat h i n t hese r egi ons, and t hat

t her e appear s t o be si gni f i cant st ai ni ng of t he cyt osol .

Compar i son bet ween Near est Nei ghbor s and No

Nei ghbor s Pr ocessi ng Scheme

The near est nei ghbor pr ocessi ng scheme uses t wo adj acent
i mages t aken wi t h a known degr ee of def ocus above and be-

l owt he i mage pl ane, t o r emove out of f ocus i nf or mat i on and

ext r act a debl ur r ed opt i cal sect i on . I n a pur e opt i cal sect i on,

di f f er ences i n t he appar ent i nt ensi t y due t o t he l engt h of t he

l i ght pat h t hr ough an obj ect shoul d be abol i shed . Two di f f er -

ent pr ocessi ng schemes wer e appl i ed t o i mages of t he qui na-

cr i ne st ai ned cel l shown i n Fi g. 2 A. The i mages obt ai ned

usi ng t he near est nei ghbor s pr ocessi ng scheme and a

Monck et al . Thi n- sect i on Radi omet r i c Cal ' I magi ng

modi f i cat i on of t hi s scheme, i n whi ch t he debl ur r i ng r equi r es

onl y a si ngl e sect i on, ar e shown i n Fi gs . 2, B and C, r espec-
t i vel y . The secr et or y gr anul es can now be seen as di st i nct

st r uct ur es wi t h i n f ocus edges, i n mar ked cont r ast t o t he un-

pr ocessed i mage ( Fi g . 2 A) . Mor eover , t he i nt ensi t y pr of i l es

show t hat t he secr et or y gr anul es ar e uni f or ml y st ai ned wi t h

qui nacr i ne, i ndi cat i ng t hat t he l i ght pat h ef f ect has been r e-

moved . Thus, bot h pr ocessi ng schemes can be used t o ex-

t r act t hi n opt i cal sect i ons f r om f l uor escence i mages . The

onl y obser vabl e di f f er ence i s t hat t he smal l secr et or y gr an-

ul es, f or exampl e t he cl ust er of t hr ee smal l gr anul es on t he

l ef t of t he i mage, appear sl i ght l y mor e bl ur r ed i n t he no

nei ghbor s i mage . The expl anat i on f or t hi s di f f er ence i s t hat

t he addi t i onal assumpt i on of t he no nei ghbor s scheme, t hat

a bl ur r ed ver si on of t he obser ved i mage ( O; S, ) can be used

i nst ead of t he bl ur r ed nei ghbor s ( O; + , S, and O; - , S, ) , hol ds

bet t er f or t he l ar ger , l ower f r equency obj ect s, f or whi ch t her e

wi l l be ver y l i t t l e di f f er ence i n t he adj acent pl anes, t han f or

smal l er obj ect s, i n whi ch t he spat i al changes occur at a

hi gher f r equency . Anot her common f eat ur e of t he t wo pr o-

cessi ng schemes shown i n Fi g . 2 i s t hat t he smal l er obj ect s

have a hi gher i nt ensi t y t han t he l ar ger obj ect s. Thi s i s because
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Fi gur e 3. The ef f ect of pr ocessi ng on t he 350 and 385 nmf ur a- 2 i mages and upon t he r at i o i mage . ( A) The 350 ( t op r ow) and 385 r un
( bot t om r ow) i mages of a f ur a- 2- l oaded mast cel l bef or e pr ocessi ng . The t hr ee i mages at each wavel engt h wer e t aken at di f f er ent t i mes
dur i ng a Cal l t r ansi ent . Al t hough f ur a- 2 i s excl uded f r omt he secr et or y gr anul es t he edges ar e not cl ear . ( B) The unpr ocessed r at i o i mages
f or t he t hr ee i mage pai r s . The edges of t he cel l ar e t ot al l y obscur e . ( C) The 350 ( t op r ow) and 385 nm( bot t om) i mages af t er pr ocessi ng
wi t h t he Wi ener Fi l t er of f . The or i gi nal i mages ar e t hose shown i n A. The bor der s bet ween t he cyt osol and t he secr et or y gr anul es ar e
cl ear l y del i neat ed ; i t i s evi dent t hat f ur a- 2 i s excl uded f r om t he secr et or y gr anul es . ( D) The r at i o i mages obt ai ned f r om t he pr ocessed
350- and 385- nm i mages shown i n C. The edge of t he cel l i s cl ear l y def i ned and i t i s possi bl e t o see t he Cal l concent r at i on i n r egi ons
of t he cyt osol bet ween t he secr et or y gr anul es and t he pl asma membr ane . ( E and F) As C and D except wi t h t he Wi ener Fi l t er appl i ed
t o t he i mages. The col or bar i s f or a l i near scal e of r at i o val ues bet ween 0. 1 and 0. 8. Scal i ng : t he di spl ay r anges i n A, C, and Ear e di f f er ent
because t he i nver se f i l t er changes t he number s i n t he i mage . However , t he r el at i ve i nt ensi t i es ar e r et ai ned . The i nt ensi t i es i n al l t he 350- nm
i mages have been doubl ed t o al l ow compar i son wi t h t he br i ght er 385- r i m i mages. The par amet er s used f or const r uct i ng t he f i l t er s wer e :
c = 0. 5 ; a = 5. 0 ; Az = 1 Am, and pi xel si ze = 0. 167 Am. No t hr eshol d was used on t he r at i o i mages . The f ur a- 2- l oadi ng sol ut i on was
suppl ement ed wi t h 200 AMATP and 1 AMGTPyS. Rat i o val ues of 0. 3, 0. 5, and 0. 8 cor r espond t o Cal l concent r at i ons of 85, 250, and
510 nM, r espect i vel y . Each i mage panel i s a squar e of 21 Amsi de .

t he out of f ocus cont r ast t r ansf er f unct i on ( S, ) at t enuat es

hi gh f r equenci es mor e t han l ow f r equenci es ( see Fi g. 6 i n

Hi r aoka et al . , 1987) . Consequent l y, when t he bl ur r ed i m-

ages ar e subt r act ed f r omt he obser ved i mage, t he ef f ect i s

equi val ent t o a hi gh pass f i l t er and pr opor t i onat el y mor e l i ght

i s r emoved f r omt he l ar ge obj ect s t han t he smal l er obj ect s .

Cast l eman ( 1979) has suggest ed convol vi ng t he bl ur r ed i m-

age wi t h a hi gh pass f i l t er so t hat t he cont r i but i on of hi gh and

l ow f r equency st r uct ur es ar e t r eat ed equal l y . Wi t hout such

a cor r ect i on, t hi s pr oper t y of t he pr ocessi ng scheme coul d

be a ser i ous pr obl emf or quant i t at i ve measur ement s f r oma

si ngl e i mage . However , f or dual exci t at i on wavel engt h mea-

sur ement s t he di f f er ent i al ef f ect s on t he i nt ensi t i es of di f f er -

ent si zed obj ect s ar e si mi l ar f or bot h i mages and conse-

quent l y ar e compensat ed f or by t he r at i o ( see Di scussi on) .

Appl i cat i on of t he No Nei ghbor s Pr ocessi ng Scheme

t o Fur a- 2 I mages

Fi g . 3 shows t he ef f ect s of t he no nei ghbor s pr ocessi ng

scheme on t he 350- and 385- nm i mages of f ur a- 2- l oaded

mast cel l s and t he r at i os der i ved f r omt hese i mages . As was
t he case f or t he qui nacr i ne st ai ned cel l s ( Fi g . 2 A) , t he

bor der s bet ween t he cyt osol and t he secr et or y gr anul es ar e

poor l y def i ned i n t he unpr ocessed 350- and 385- nmi mages

( Fi g . 3 A) . The i nt er i or s of t he secr et or y gr anul es appear

weakl y f l uor escent as i f t hey cont ai n f ur a- 2 . However , we

know t hat t her e i s no f ur a- 2 i n t he secr et or y gr anul es be-

cause t he i ndi cat or was l oaded wi t h t he pat ch pi pet t e and i t

i s unl i kel y t hat t he hi ghl y negat i vel y char ged f ur a- 2 can

cr oss t he secr et or y gr anul es membr anes . Af t er pr ocessi ng

wi t h t he no nei ghbor s scheme, bot h wi t hout ( Fi g . 3 C) and

wi t h ( Fi g . 3 E) appl i cat i on of t he Wi ener Fi l t er , i t i s cl ear

t hat f ur a- 2 i s excl uded f r omt he secr et or y gr anul es i ndi cat -

i ng t hat t he out of f ocus i nf or mat i on has been successf ul l y

r emoved .

The r at i o i mages f r om t he unpr ocessed i mages show no

st r uct ur e, even t hough t he secr et or y gr anul es excl ude f ur a- 2

and ar e sever al mi cr ons i n di amet er ( Fi g . 3 B) . I n addi t i on,
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t he r at i o val ues ext end beyond t he boundar y of t he cel l . Thi s

i s due t o r esi dual backgr ound l i ght t hat has not been r emoved

by t he backgr ound subt r act i on and t o out of f ocus l i ght

or i gi nat i ng f r om f ur a- 2 i nsi de t he cel l . Si nce t he l at t er
decr eases f ur t her away f r omt he cel l , t her e i s a gr adi ent of
r at i o val ues f r omt he cyt osol near t he cel l membr ane, whi ch
i s domi nat ed by t he f ur a- 2 f l uor escence of t he cel l , t o t he
edge of t he i mage, whi ch i s mai nl y backgr ound f l uor escence .
Thi s gr adi ent , combi ned wi t h t he l ower si gnal and hi gher
si gnal t o noi se near t he edge of a cel l , expl ai ns why t her e
ar e somet i mes ar t i f act ual edge ef f ect s t hat gi ve t he appear -
ance of a r i m of hi gh r at i o val ues . Thi s makes t he back-
gr ound subt r act i on and t hr eshol di ng, whi ch i s usual l y used
t o r emove si gnal out si de t he cel l , ver y i mpor t ant f or conven-
t i onal r at i o i magi ng .

I n cont r ast t o t he r at i o i mages der i ved f r om t he un-
pr ocessed 350- and 385- nmi mages, t he l ocat i on of t he secr e-
t or y gr anul es can be cl ear l y seen as r egi ons of t he cel l wher e
t her e i s no si gnal when t he pr ocessed i mages ar e used f or t he
r at i o i mage ( Fi gs . 3, Dand F) . The pr ocessi ng pr ocedur e not
onl y r emoves t he out of f ocus l i ght or i gi nat i ng f r om t he
cyt osol , but al so r emoves t he ef f ect of t he backgr ound
f l uor escence. Thi s i s because t he f i l t er s at t enuat e t he l ow f r e-
quency i nf or mat i on cont ai ned i n a uni f or m backgr ound .
Thus, when t he pr ocessed i mages ar e used f or t he r at i os, t he
val ue of t he r at i o can be assumed t o depend pr edomi nant l y
on t he Cal + concent r at i on of t hat pi xel . Fi g . 3 al so shows
t hat t he Wi ener f i l t er does not cont r i but e t o t he debl ur r i ng .
Si mi l ar debl ur r i ng i s achi eved wi t h t he Wi ener Fi l t er of f
( Fi gs . 3, C and D) or on ( Fi gs. 3, E and F) . However , t he
Wi ener Fi l t er does, by r educi ng t he noi se, si gni f i cant l y i m-
pr ove t he qual i t y of t he r at i o i mages .

Ef f ect of t he Fi l t er Par amet er s on t he

Debl ur r i ng Ef fi cacy

Fi g . 4 shows how var yi ng t he val ues of Az and c ef f ect s t he

debl ur r i ng pr ocedur e . A set of 385- r un i mages ( Fi g. 4 A) and

r at i o i mages ( Fi g . 4 B) ar e shown f or Az val ues bet ween 10

Fi gur e 4. Ef f ect of f i l t er par amet er s on t he debl ur r i ng ef f i cacy of t he no nei ghbor s i nver se f i l t er . The 385 t un ( A) and 350/ 385- nm r at i o
( B) i mages wer e obt ai ned f or Az val ues of 10, 5, 2, 1, and 0. 5 Am. and f or c val ues of 0. 47, 0 . 48, 0. 49, and 0. 50 . The Wi ener Fi l t er used
an a val ue of 0 . 5 whi ch has onl y a weak smoot hi ng act i on so t hat t he ef f ect s of t he f i l t er par amet er s on t he debl ur r i ng can be seen mor e
cl ear l y . An aut oscal e al gor i t hm was used t o di spl ay t he 385- nm i mages wi t h maxi mumcont r ast . Par amet er s used f or pr ocessi ng : c =
0. 47 - 0. 50 ; Az = 0. 5 - 10. 0 Am; a = 0. 5 ; pi xel si ze = 0. 108 , um. Rat i o val ues of 0. 3, 0. 5 and 0. 8 cor r espond t o f r ee Caz+ concent r a-
t i on of 85, 250, and 510 nm.



Fi gur e S. Opt i cal sect i oni ng of

a f ur a- 2 l oaded bei ge mouse

mast cel l . A bei ge mast cel l

was l oaded wi t h f ur a- 2 usi ng a

l oadi ng medi umwi t hout ATP

or GTPyS so t hat Cat + t r an-

si ent s and degr anul at i on woul d

not occur dur i ng t he sect i on-

i ng. Pai r s of 350- and 385- nm

i mages wer e t aken f or a ser i es

of sect i ons 0. 5- t t m apar t . ( A)

The 385- nm i mages st ar t i ng

f r om near t he bot t om of t he

cel l ( near est t he obj ect i ve, t op

l ef t ) and endi ng near t he t op
of t he cel l ( bot t omr i ght ) . ( B)

The cor r espondi ng 350/ 385-

nm r at i o i mages . Par amet er s

used f or pr ocessi ng: c = 0. 5 ;

áz = 0. 5 t cm; a = 0. 5 ; pi xel

si ze = 0. 108 1m. Rat i o val ues

of 0. 3, 0. 5, and 0. 8 cor r espond

t o f r ee Cal + concent r at i ons of

85, 250, and 510 nM, r e-

spect i vel y . Each i mage panel

i s a 14 x 14 Amsquar e .

Fi gur e 6. Sequence of 385

nmand r at i o i mages showi ng

Caz+ t r ansi ent s i nduced by

GTPyS. Abei ge mouse mast

cel l was l oaded wi t h f ur a i n

a l oadi ng medi um cont ai n-

i ng 200 uM ATP and 1 I M

GTPyS t o st i mul at e Cat + t r an-

si ent s and exocyt osi s . ( A) A

sequence of pr ocessed 385-

nn i mages t aken 12- s apar t .

( B) The cor r espondi ng r at i o

i mages . The ar r ows i ndi cat e

secr et or y gr anul es i n t he f r ame

bef or e t hey f use, whi ch canbe

seen as char act er i st i c swel l i ng

of t he gr anul e . The par ame-

t er s used f or const r uct i ng t he

f i l t er s wer e as f ol l ows : c =

0. 49 ; dz = l i m; a = 5. 0 ;

pi xel si ze = 0. 167. A t hr esh-

ol d mask ( made f r omt he 350-

nm i mages) was appl i ed t o

t he r at i o i mages t o excl ude

t he speckl ed backgr ound ( see

Fi g. 3 f or r at i o i mages f r om

t hi s cel l wi t hout t he mask) .

Each i mage panel i s a 21 x 21

Amsquar e. The r at i o val ues of

0 . 3, 0 . 5, and 0. 8 cor r espond t o

Caz{ concent r at i ons of 85,

250, and 510 nM, r espec-

t i vel y .
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Fi gur e 5.

Fi gur e 6.
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and 0. 5 Amand f or c val ues bet ween 0. 5 and 0. 47. Reduci ng
Az r esul t s i n a pr ogr essi ve i mpr ovement i n r emoval of out
of f ocus i nf or mat i on f r omt he secr et or y gr anul es. Wi t h Az
set t o 1 Amt he best r esul t s ar e obt ai ned si nce r educi ng Az
t o 0. 5 Ami ncr eases t he noi se but has no f ur t her i mpr ovement

on t he debl ur r i ng . Li kewi se, i ncr easi ng c f r om 0. 47 t o 0. 5

i ncr eases t he debl ur r i ng ef f i cacy . The r at i onal e behi nd t he

appr opr i at e choi ce of f i l t er par amet er s i s di scussed i n det ai l

i n t he Di scussi on sect i on .

Ser i al Sect i oni ng of a Fur a- 2 Loaded Mast Cel l

Fi g. 5 shows an exper i ment wher e pai r s of 350- and 385- nm

i mages of a f ur a- 2- l oaded bei ge mouse mast cel l wer e t aken

f or a ser i es of sect i ons at di f f er ent f ocal pl anes, each 0. 5- Am

apar t . Fr omt he 385- nmi mages ( Fi g . 5 A) i t can be seen t hat

a secr et or y gr anul e becomes vi si bl e i n t he second sect i on

( t op l i ne) , r eaches a maxi mum si ze i n sect i on 4 and i s l ast

seen i n sect i on 8. As t he gr anul e i s vi si bl e i n seven sect i ons,

each 0 . 5- Am apar t , t hi s i ndi cat es a di amet er of 3 Am i n t he

axi al di r ect i on . The l ar gest measur abl e di amet er i n t he i m-

age pl ane i s 3 Am( sect i on 5, t op l i ne) . I t i s not ewor t hy t hat

di st i nct changes i n t he appear ance ( appar ent si ze, shape) can

be seen i n each of t he successi ve i mages whi ch ar e separ at ed

by onl y 0 . 5 Ami n t he axi al di r ect i on . A si mi l ar anal ysi s of

t he l ar ge gr anul e at t he t op l ef t of t he i mage, whi ch f i r st ap-

pear s i n sect i on 6, r eaches a maxi mumi n sect i on 9, and i s

no l onger vi si bl e i n sect i on 14, gi ves a ver t i cal si ze of t i 4

Am, t he same as t he maxi mumdi amet er i n t he i mage pl ane .

Agai n, di st i nct changes i n t he appear ance of t he gr anul e can

be seen i n each sect i on . The appear ance of st r uct ur es wi t hi n

an i mage as di st i nct i n f ocus obj ect s, whose si ze and shape

changes wi t h smal l shi f t s i n f ocus, ar e pr oper t i es t hat ar e ex-

pect ed of a t hi n opt i cal sect i on .

71me Cour ses of Cal - 1- 7r ansi ent s i n a

GTFyS- st i mul at edMast Cel l

The mast cel l i s an ext r emel y i mpor t ant model syst em be-

cause i t i s possi bl e t o si mul t aneousl y st udy t he bi ophysi cal

pr oper t i es of t he f usi on por e and t he bi ochemi cal event s i n-

vol ved i n st i mul at i ng exocyt osi s . I n t hese cel l s exocyt osi s i s

st i mul at ed by a compl ex i nt er act i on bet ween guani ne nu-

cl eot i des and Cal +, hence our i nt er est i n bei ng abl e t o mea-

sur e l ocal i zed changes i n Cal + concent r at i on . A sequence

of 385 nmand r at i o i mages f or a mast cel l st i mul at ed wi t h

i nt r acel l ul ar GTP7S i s shown i n Fi g . 6. I mage pai r s wer e

t aken 12 s apar t . An i ncr ease i n Caz+ concent r at i on i s f i r st

evi dent i n sect i on 5, whi ch was t aken 380 s af t er br eaki ng

i nt o whol e cel l mode and al l owi ng GTPyS i nt o t he cyt osol .

I t i s i nt er est i ng t o not e t hat t he GTPyS st i mul at ed Cal + t r an-

si ent , whi ch i s pr esumabl y medi at ed by phosphol i pase C

( Ber r i dge, 1987; Wi l l i amson and Monck, 1989) , occur s af -

t er a si gni f i cant l at ent per i od. Thi s pat t er n of r esponse i s

char act er i st i c of sub- maxi mal agoni st - i nduced Cal + t r an-

si ent s and has been seen i n r at basophi l i c l eukemi a cel l s and

ot her cel l s ( Mi l l ar d et al . , 1988 ; Monck et al . , 1988, 1990a) .

The Cal + concent r at i on i ncr eases t o a peak l evel of appr oxi -

mat el y 400 nM, r et ur ns t o r est i ng Cal + l evel s wi t hi n - 1 mi n,

and i s f ol l owed by anot her t r ansi ent i ncr ease. The magni t ude

of t hese i ncr eases i n t he bei ge mouse mast cel l i s si mi l ar t o

t hose pr evi ousl y r epor t ed i n r at basophi l i c l eukemi a cel l s

and r at mast cel l s ; osci l l at or y pat t er ns of Cal + concent r a-

t i on wer e al so seen i n t hese cel l s ( Neher and Al mer s, 1986 ;
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Nar asi mhan et al . , 1988 ; Mi l l ar d et al . , 1989) . The r at i o i m-

ages show t hat t he Cal + i ncr ease i s r el at i vel y uni f or m

acr oss t he cel l , wi t h si mi l ar i ncr eases i n t he cent er of t he cel l

and i n t he cyt osol bet ween t he pl asma membr ane and secr e-

t or y gr anul es. I t i s possi bl e t hat t her e i s a sl i ght l y l ocal i zed

i ncr ease i n t he cent er of t he cel l ( sect i on 9) . However , be-

cause t he i mages shown i n t hi s f i gur e ar e f or t wo second ex-

posur es at each wavel engt h, any t r ansi ent gr adi ent s woul d

not have been det ect ed . Never t hel ess, t he i mpor t ant poi nt

demonst r at ed by Fi g . 6 i s t hat i t i s possi bl e t o obt ai n t i me

cour ses of r at i omet r i c Cal + i mages f r om t hi n opt i cal sec-

t i ons, and t hat i t i s possi bl e t o see a Cal + i ncr ease i n a r e-

gi on of cyt osol bet ween a secr et or y gr anul e and t he pl asma

membr ane t hat i s <0. 5- Am wi de .

Mor phol ogi cal Changes Associ at ed

wi t h Exocyt osi s Can Be Obser ved Si mul t aneousl y

Whi l e Measur i ng Changes i n Cal + Concent r at i on

Exami nat i on of t he i mages shown i n Fi g . 6 r eveal s t hat one

of t he gr anul es i ncr eases i n si ze dur i ng t he f i r st Cal + t r an-

si ent ; t hi s gr anul e i s i ndi cat ed by t he ar r ow i n t he sect i on be-

f or e t he gr anul e swel l s . Thi s i ncr ease i n gr anul e si ze i s t he

r esul t of a r api d decondensat i on of t he pr ot eogl ycan mat r i x

and hi st ami ne cont ai ned i n t he secr et or y gr anul e when t he

f usi on por e pr ovi des a pat h f or ent r y of Na+ and wat er

( Monck et al . , 1991) . Asecond gr anul e ( ar r ow) expands dur -

i ng t he second Cal + t r ansi ent . Not e t hat one gr anul e ( t op

r i ght ) had al r eady exocyt osed bef or e t he exper i ment st ar t ed .

Thus, our syst em of f er s t he pot ent i al t o combi ne l ocal i zed

measur ement s of Cal + concent r at i on and mor phol ogi cal

changes associ at ed wi t h t he exocyt osi s of si ngl e secr et or y

gr anul es, whi l e at t he same t i me maki ng el ect r ophysi ol ogi -

cal measur ement s of membr ane conduct ance changes and

capaci t ance i ncr eases t hat occur as t he secr et or y gr anul es

f use wi t h t he pl asma membr ane .

Di scussi on

A number of deconvol ut i on al gor i t hms have been devel oped

f or cor r ect i ng i mages f or di st or t i ons i nt r oduced by t he opt i -

cal syst em. The best r esul t s have been obt ai ned wi t h t ech-

ni ques t hat ut i l i ze a whol e st ack of t wo- di mensi onal i mages

f or t he deconvol ut i on, such as t he f ul l mat r i x l i near f i l t er i ng

appr oach, const r ai ned i t er at i ve met hods, and i t er at i ve al -

gor i t hms usi ng nonnegat i vi t y const r ai nt s based on r egul ar -

i zat i on t heor y ( Cast l eman, 1979 ; Agar d, 1984 ; Fay et al . ,

1989 ; Agar d et al . , 1989) . However , good r esul t s have al so

been demonst r at ed f or a mor e si mpl e scheme t hat onl y uses

adj acent i mage sect i ons, t he near est nei ghbor s met hod

( Wei nst ei n and Cast l eman, 1971 ; Cast l eman, 1979 ; Gr uen-

baum et al . , 1984 ; Agar d, 1984) . The pr i nci pal pr emi se of

t he near est nei ghbor s scheme i s t hat t he cont r i but i on of out

of f ocus l i ght can be appr oxi mat ed by assumi ng t hat al l t hi s

l i ght comes f r omadj acent sect i ons, above and bel ow t he i n

f ocus pl ane. These adj acent i mages ar e bl ur r ed by mul t i pl y-

i ng t hei r t wo- di mensi onal Four i er t r ansf or ms by t he out of

f ocus cont r ast t r ansf er f unct i on ( S, ) and t hen t he bl uf f ed

i mages ar e subt r act ed f r omt he i n f ocus i mage . Fi nal l y, t he

opt i cal sect i on i s obt ai ned by convol vi ng t he debl uf f ed i m-

age wi t h a Wi ener i nver se f i l t er . The near est nei ghbor s al -

gor i t hm has r ecent l y been used t o exami ne Cal + gr adi ent s

i n f ur a- 2- l oaded er yt hr obl ast s ( Yel amar t y et al . , 1990) .
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Fi gur e 7. I magi ng of a model obj ect wi t h a uni f or mCal ' concent r at i on . A model of a cel l wi t h a uni f or m r at i o val ue wi t h a si ngl e el l i psoi -

dal gr anul e ( r adi i , 1 and 2 Ami n i mage pl ane ; 2 Ami n z di r ect i on) wi t h zer o i nt ensi t y was const r uct ed as descr i bed i n t he Met hods . ( A,

l ef t ) The 385 t un, 350 nm, and r at i o i mages f or t he model sect i on . ( A, r i ght ) I nt ensi t y pr of i l es t hr ough t he 385 r un, 350 r un, and r at i o

i mages. The pr of i l es r epr esent a l i ne t hr ough t he cent er s of bot h t he model cel l and gr anul e. ( B) The same sect i ons bl ur r ed by convol vi ng

wi t h t he PSF of t he mi cr oscope. ( C and D) The bl ur r ed sect i ons shown i n Baf t er appl i cat i on of t he no nei ghbor s i nver se f i l t er wi t h t wo

di f f er ent par amet er set t i ngs . Par amet er s used f or i nver se f i l t er i ng : c = 0. 50 ( C) or 0. 49 ( D) ; Az = 1 Am; ot = 0. 5 ; and pi xel si ze = 0 . 108

Am. Each i mage panel i s a 14 x 14 Amsquar e .

Compar i son of No Nei ghbor s and Near est Nei ghbor s
Pr ocessi ng Schemes

For r eal - t i me f l uor escence measur ement s, i t i s of t en not

pr act i cal t o t ake t hr ee or mor e i mages t o obt ai n an opt i cal

sect i on . Ther ef or e, we t r i ed a modi f i cat i on of t he near est

nei ghbor s scheme i n whi ch onl y a si ngl e i mage i s used f or

t he debl ur r i ng pr ocess . I nst ead of usi ng t he nei ghbor i ng i m-

ages t o obt ai n t he bl ur r ed i mage, we have used t he i n- f ocus

i mage i t sel f ; t hat i s, we assumed t hat t he bl ur r ed ver si on of

an i mage i s appr oxi mat el y t he same as t he bl ur r ed ver si on

of an adj acent sect i on . The si mi l ar i t y bet ween t he pr ocessed

i mages of t he qui nacr i ne st ai ned mast cel l when usi ng t he

near est nei ghbor s debl ur r i ng scheme ( Fi g . 2 B) and usi ng

t he no- nei ghbor s scheme ( Fi g . 2 C) demonst r at es t he val i d-

i t y of t hi s assumpt i on . The mai n di f f er ence bet ween usi ng

t he i n- f ocus i mage i nst ead of t he nei ghbor s i s t hat t he r el a-

t i vel y smal l cont r i but i ons of hi gh f r equency component s

f r omnei ghbor i ng sect i ons ar e not r emoved i n t he debl ur r i ng

pr ocedur e . Thi s ef f ect can be seen i n Fi g. 2 wher e t he smal l er

secr et or y gr anul es ( t i 500- nmdi am) appear mor e bl ur r ed i n

t he no nei ghbor s i mage ( Fi g . 2 C) t han i n t he near est nei gh-

bor s i mage ( Fi g. 2 B) . Dependi ng on t he appl i cat i on, t hi s

smal l l oss of r esol ut i on may be of l esser i mpor t ance when

wei ghed agai nst t he i mpr ovement i n t he i mage cont r ast and

dept h of f i el d .
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Ver i f i cat i on of No Nei ghbor s I nver se Fi l t er wi t h
Model Obj ect s

The mi cr oscope can be consi der ed as a t hr ee- di mensi onal

l ow- pass f i l t er , whi ch at t enuat es i nt ensi t i es of hi gh spat i al

f r equency ( smal l obj ect s) mor e t han i nt ensi t i es of l ow spa-

t i al f r equency ( l ar ge obj ect s, out of f ocus i nf or mat i on) . The

no nei ghbor s pr ocessi ng scheme i s a t wo- di mensi onal i n-

ver se f i l t er f or r est or i ng a sect i on t hr ough t he or i gi nal obj ect

f r om a si ngl e i mage. The f i l t er i ng ef f ect s of t he mi cr oscope

ar e i l l ust r at ed wi t h model s i n Fi g . 7 and 8. The model obj ect s

wer e const r uct ed f or a 5- Am r adi us cel l wi t h a si ngl e el l i p-

soi d obj ect wi t h zer o i nt ensi t y, t o r epr esent a secr et or y gr an-

ul e wi t h no Cal + i ndi cat or . Fi g . 7 A shows a sect i on t hr ough

a model cel l wi t h a uni f or m Cal + concent r at i on ( const ant

r at i o) i n t he cyt osol ; t he 350- and 385- nmi mages have uni -

f or m i nt ensi t y as t he model cor r esponds by an i nf i ni t el y t hi n

sect i on . The bl ur r ed i mages, r epr esent i ng t he f i l t er i ng ef f ect

of t he mi cr oscope, ar e shown i n Fi g. 7 B. I n t he si ngl e wave-

l engt h i mages, t he cent er of t he cel l appear s br i ght er t han t he

edge of t he cel l , and t he secr et or y gr anul e i s bar el y vi si bl e .

I n t he r at i o i mage t he backgr ound and secr et or y gr anul e have

t he same r at i o as t he cyt osol , because t he l i ght i n t hese par t s

of t he i mage i s out of f ocus l i ght wi t h t he same r el at i ve i nt en-

si t i es as t he cyt osol . Thi s expl ai ns why t he backgr ound f or

t he f ur a- 2 r at i o i mage ( Fi g . 3 B) i s si mi l ar t o t he val ue i n
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Fi gur e 8. I magi ng of a model obj ect wi t h a Cat ' gr adi ent . The gr adi ent was gener at ed by const r uct i ng 350- and 385- nm obj ect s wi t h
l i near gr adi ent s as descr i bed i n Mat er i al s and Met hods . A spher i cal ( 1 . 5- l m r adi us) gr anul e wi t h zer o i nt ensi t y was added t o t he model .
( A, l ef t ) The 385 nun, 350 nm, and r at i o i mages f or t he model sect i on. ( A, r i ght ) I nt ensi t y pr of i l es t hr ough t he 385 r un, 350 r un, and
r at i o i mages . The pr of i l es r epr esent a l i ne t hr ough t he cent er s of bot h t he model cel l and gr anul e . ( B) The same sect i ons bl ur r ed by convol v-

i ng wi t h t he PSF of t he mi cr oscope . ( Cand D) The bl ur r ed sect i ons shown i n Baf t er appl yi ng t he no nei ghbor s i nver se f i l t er wi t h t wo

di f f er ent par amet er set t i ngs . Par amet er s used f or i nver se f i l t er i ng : c = 0. 50 ( C) or 0. 49 ( D) ; Az = 1 hem; a = 0. 5 ; and pi xel si ze = 0. 108

gm. Each i mage panel i s a 14 x 14 Amsquar e .

t he cel l . Af t er appl yi ng t he no nei ghbor s pr ocessi ng scheme

( Fi gs . 7, C and D) , t he l ocat i on of t he secr et or y gr anul e i s

cl ear l y def i ned . However , boundar i es of t he cyt osol , near t he

secr et or y gr anul e and pl asma membr anes, have a hi gher i n-

t ensi t y. Thi s i s an edge det ect or ef f ect of t he i nver se f i l t er ,

whi ch al so occur s f or t he near est nei ghbor s scheme and oc-

cur s because an edge compr i ses hi gh spat i al f r equenci es ( see

Cast l eman, 1979) . However , i n t he r at i o i mage ( Fi gs . 7, C

and D) t he edge ef f ect s have been exact l y compensat ed, be-

cause bot h i mages have t he same spat i al f r equenci es . Thus,

i n t hi s exampl e, r at i o i magi ng exact l y compensat es f or t he

di st or t i ons i nt r oduced by t he i nver se f i l t er i ng scheme.

Anot her model , i n whi ch t her e i s a gr adi ent of Cal + f r om

a hi gh val ue at t he cent er of t he cel l t o a l ow val ue at t he edge

of t he cel l , i s shown i n Fi g. 8. The model was const r uct ed

f r omt wo f l uor escence i mages wi t h l i near gr adi ent s of i nt ens-

i t y ( Fi g . 8 A) . The bl ur r ed model ( Fi g . 8 B) , agai n shows

t hat t he secr et or y gr anul e i s poor l y def i ned . However , mor e

i mpor t ant l y, t he r at i o val ues i n t he bl ur r ed model ar e di f f er -

ent f r omt hose i n t he model obj ect . The r at i o at t he edge of

t he cel l i s appr oxi mat el y cor r ect , but t he r at i o at t he cent er

of t he cel l i s t oo smal l . Thi s model cl ear l y demonst r at es how

t he magni t ude of a Ce+ gr adi ent i s di st or t ed by t he f i l t er

f unct i on of t he mi cr oscope .
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Two i mage r econst r uct i ons usi ng sl i ght l y di f f er ent f i l t er s

ar e shown i n Fi g . 8, Cand D, r espect i vel y . I n Fi g . 8 C t he

val ue of c was set at 0. 5 t o r emove al l t he backgr ound si gnal

( spat i al f r equenci es near zer o) . I n t he r at i o i mage t he edge

of t he cel l has t he cor r ect val ue, but t he r at i o at t he cent er

i s now over est i mat ed ( compar e wi t h Fi g . 8 A) . The i mages

i n Fi g. 8 Dwer e obt ai ned usi ng a f i l t er wi t h c set at 0. 49.

The edge ef f ect s ar e st i l l appar ent i n t he si ngl e wavel engt h

i mages, but t he r at i o i mage i s a good est i mat e of t he r at i o

i mage obt ai ned f r om t he or i gi nal sect i ons . We have con-

st r uct ed a number of di f f er ent model s r epr esent i ng mast cel l s

wi t h di f f er ent gr adi ent s and wi t h el l i psoi d gr anul es of di f f er -

ent si ze and aspect , cent er ed bot h i n and out of t he pl ane of

f ocus . I n al l model s a val ue of 0. 49 al ways gave a si gni f i -

cant l y bet t er est i mat e of t he or i gi nal r at i o t han t he r at i o i m-

age obt ai ned af t er bl ur r i ng t he model obj ect by t he t r ansf er

f unct i on of t he mi cr oscope whi ch r epr esent s t he unpr ocessed

r at i o.

Appl i cat i on of No Nei ghbor s Scheme t o Fur a- 2 I mages

I n t he unpr ocessed 350- and 385- nn i mages of f ur a-

2- l oaded mast cel l s, t he secr et or y gr anul es can be seen as

r egi ons of l ower i nt ensi t y f l uor escence, al t hough t he edges

of t he gr anul es ar e not r esol ved ( Fi g . 3 A) . I t i s not obvi ous
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whet her t he gr anul es excl ude t he i ndi cat or or cont ai n f ur a- 2

at l ower concent r at i ons t han t he cyt osol , al t hough i t i s ex-

pect ed t hat t he negat i ve char ges on t he f ur a- 2 mol ecul es

shoul d pr event t hem cr ossi ng t he secr et or y gr anul e mem-

br ane. On t he ot her hand, when t he i mages have been

pr ocessed t he edges of t he gr anul es become cl ear l y def i ned

and i t i s now cl ear t hat t he secr et or y gr anul es excl ude t he i n-

di cat or ( Fi g . 3 C) . When t he unpr ocessed i mages ar e used

f or t he r at i o, no st r uct ur e can be seen i n t he r at i o i mage ( Fi g.

3 B) . The secr et or y gr anul es appear t o have a si mi l ar r at i o

t o t he sur r oundi ng cyt osol because t he r at i o i s l ar gel y det er -

mi ned by t he out of f ocus l i ght or i gi nat i ng f r ompoi nt s i n t he

cyt osol ( compar ed wi t h t he model obj ect s ; Fi gs . 7 B and

8 B) . When t he pr ocessed i mages ar e used f or t he r at i o t he

st r uct ur e of t he cel l becomes cl ear l y r esol ved . Not onl y ar e

t he secr et or y gr anul es and cel l edges cl ear l y def i ned, but t he

r at i o out si de t he boundar y of t he cel l due t o t he backgr ound

f l uor escence, whi ch i s t he l owest f r equency component of

t he i mage, has been r emoved by t he i nver se f i l t er i ng pr o-

cedur e.

When appl yi ng an i nver se f i l t er i ng scheme t o r eal i mages,

t he sel ect i on of t he appr opr i at e f i l t er par amet er s i s cr i t i cal .

The no nei ghbor s pr ocessi ng scheme uses t hr ee var i abl e

par amet er s : Oz, t he amount of def ocus used t o cal cul at e t he

out - of - f ocus PSF ( S, ) used i n t he debl ur r i ng al gor i t hm; c,

t he const ant det er mi ni ng t he amount of debl ur r i ng ; and a,

whi ch i s used i n t he Wi ener f i l t er . However , as shown i n Fi g .

3 ( compar e B and C) , t he Wi ener f i l t er i mpr oves t he si gnal

t o noi se of t he f i nal i mage, but has no si gni f i cant ef f ect on

t he debl ur r i ng . Ther ef or e, t he val ue sel ect ed f or a i s not cr i t -

i cal . Fi g . 4, whi ch shows t he ef f ect of di f f er ent f i l t er s usi ng

Oz bet ween 10 and 0. 5 Amand c bet ween 0. 47 and 0. 5, i l l us-

t r at es how appr opr i at e val ues of Az and c can be sel ect ed .

When Oz i s set at 10 Amt her e i s l i t t l e debl ur r i ng, al t hough
wi t h c = 0. 5 t he backgr ound i s r emoved because i t has t he

l owest spat i al f r equenci es . Reduci ng Oz f r om 10 t o 1 Am

r esul t s i n pr ogr essi ve i mpr ovement s i n r emoval of out of f o-

cus i nf or mat i on f r omt he secr et or y gr anul e ( see t he col umn

f or c set at 0. 5) . Fur t her r educi ng t z f r om 1 t o 0. 5 Amyi el ds

no f ur t her i mpr ovement , but decr eases t he si gnal t o noi se .
Ther ef or e, t he opt i mum choi ce f or t z f or t hese i mages i s
1 A. m. Wi t h t hi s appr oach t her e i s l i t t l e danger of gener at i ng

ar t i f act s wi t h t he i nver se f i l t er because t he f i l t er i s bei ng used

t o i ncr ease t he cont r ast of obj ect s t hat ar e al r eady vi si bl e, al -

bei t poor l y, i n t he or i gi nal i mage . I ncr easi ng c f r om0. 47 t o

0. 50 al so pr ogr essi vel y i mpr oves t he r emoval of out of f ocus

haze. The model s ( Fi gs . 7 and 8) suggest t hat c = 0. 49 gi ves

t he best quant i t at i ve r esul t s f or a 10 j Am di amet er cel l and,

f or t hi s r eason, we used c = 0. 49 i n Fi g . 6 .

The Pr ocessed I mages Have t he Pr oper t i es of

a Thi n Sect i on

I n a t hi n opt i cal sect i on t he i nt ensi t y of a f l uor escent l y l a-

bel ed st r uct ur e shoul d not be af f ect ed by t he pat h l engt h

t hr ough t hat st r uct ur e, as i s t he case f or convent i onal
epi f l uor escence i mages wi t h t hei r l ar ge dept h of f i el d ( see
model s i n f i gs. 7 B and 8 B) , and al l st r uct ur es wi t hi n t he

i mage shoul d appear as i n f ocus obj ect s, r egar dl ess of t hei r
posi t i on i n t he i mage pl ane . The f i r st char act er i st i c i s
demonst r at ed i n Fi g . 2 whi ch shows t hat , af t er pr ocessi ng
wi t h ei t her t he near est nei ghbor s or no nei ghbor s debl ur r i ng
schemes, t he qui nacr i ne st ai ned secr et or y gr anul es ar e uni -

Monck et al . Ai n- sect i on Radi omet r i c Cal ' I magi ng

f or ml y l abel ed, wher eas bef or e pr ocessi ng t he f l uor escence

i nt ensi t y i s cl ear l y br i ght er i n t he cent er s, wher e t he pat h

l engt h t hr ough t he gr anul e i s l onger . Fi g . 5 shows t hat di s-

t i nct changes i n t he si ze and shape of t he excl uded ar eas
r epr esent i ng t he secr et or y gr anul es can be seen i n adj acent

sect i ons t aken at 0. 5- Amsepar at i on . I t i s not ewor t hy t hat t he

edges of t he gr anul es appear i n f ocus, except at t he t op and

bot t omof t he gr anul es wher e edges become bl ur r ed because

of t he gr eat er cur vat ur e . These pr oper t i es t oget her demon-

st r at e a dept h of f i el d of - 1 Am, whi ch i s a mar ked i mpr ove-

ment over t he dept h of f i el d i n t he unpr ocessed epi f l uor es-

cence i mage . The l ar ger dept h of f i el d of t he f l uor escence

measur ement s usual l y r esul t s i n an obj ect appear i ng el on-

gat ed i n t he axi al di r ect i on when a ser i es of sect i ons at di f f er -
ent f ocal pl anes ar e t aken t hr ough an obj ect . However , i n t he

i mages obt ai ned usi ng t he no nei ghbor s debl ur r i ng scheme

( Fi g . 5) , t he maxi mum di amet er s measur abl e i n t he axi al
di r ect i on ar e si mi l ar t o t he maxi mumdi amet er i n t he i mage
pl ane .

Advant ages and Di sadvant ages of t he No Nei ghbor s

Scheme f or Cal + Measur ement s

The r ecent exci t ement i n t he devel opment of t he scanni ng

conf ocal mi cr oscope i s because of t he abi l i t y of t hi s i nst r u-

ment , usi ng a conf ocal opt i cal syst em, t o gener at e t hi n opt i -

cal sect i ons . Because t he i mages gener at ed by t he no nei gh-

bor s pr ocessi ng scheme shar e some of t he pr oper t i es of t he

i mages col l ect ed usi ng t he scanni ng conf ocal mi cr oscope, i t
i s i nt er est i ng t o consi der t he r el at i ve advant ages and di sad-

vant ages of our comput at i onal pr ocedur e compar ed t o t he

use of var i ous t ypes of scanni ng conf ocal mi cr oscope f or

di f f er ent exper i ment al si t uat i ons . When l i ght i nt ensi t y i s not

a pr obl em t her e can be no doubt t hat t he scanni ng conf ocal

mi cr oscopes ar e unsur passed f or pr oduci ng hi gh cont r ast

i mages at hi gh spat i al r esol ut i on ( Whi t e et al . , 1987 ;

Br akenhof f et al . , 1989 ; Wr i ght et al . , 1989) . However , f or

l ow l i ght appl i cat i ons wher e t empor al r esol ut i on i s al so i m-

por t ant , such as i n measur ement s of Cal l concent r at i on, a

number of compr omi ses must be made and t he choi ce be-

comes l ess cl ear ( Wr i ght et al . , 1989 ; Car r i ngt on et al . ,

1990) .

The f i r st consi der at i on i s t he i nt ensi t y of t he si gnal and

t empor al r esol ut i on . The f ur a- 2 i mages shown i n t hi s paper
wer e al l 128 x 128 pi xel i mages and, f or t he t i me cour se
shown i n Fi g . 6, l i ght was col l ect ed f r omeach pi xel f or an
exposur e t i me of 2 s. The mean i nt ensi t y val ues r ead out

f r omt he CCDchi p wer e 70 and 300 f or t he 350 and 385 nm,
r espect i vel y, i n r est i ng cel l s . For our camer a t hi s cor r e-
sponds t o about 2, 200 and 9, 500 phot ons/ pi xel f or t he t wo
i mages . We est i mat e t hat t o obt ai n 2, 200 phot ons at t he de-
t ect or t her e must be of t he or der of 1- 3 x 10° phot ons
emi t t ed f r omt he f ur a- 2 i n t he cel l . I n our exper i ment s, t he
maj or l i mi t at i on gover ni ng t he i nt ensi t y of t he i mages i s t he
f r act i on of l i ght ent er i ng t he l i ght gui de coupl i ng t he mer -
cur y ar c l amp t o t he mi cr oscope, whi ch i s onl y - 4%. By

f ocusi ng t he i mage of t he ar c l amp ( ar ea = 0. 25 x 0. 25 nun)

ont o t he end of t he l i ght gui de, i t shoul d be possi bl e t o obt ai n

equi val ent qual i t y i mages t o t hose shown i n about 100 ms .

The l i mi t of t empor al r esol ut i on shoul d be obt ai ned when

t he i l l umi nat i on i nt ensi t y i s hi gh enough t o exci t e t he f l uor o-

phor es so r api dl y t hat f ew mol ecul es ar e l ef t i n t he gr ound

st at e . Thi s coul d be achi eved usi ng a l aser i l l umi nat i on sys-
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t em. Hi bi no et al . ( 1991) , have obt ai ned sub- mi cr osecond

i mages of t r ansmembr ane pot ent i al usi ng a pul sed l aser ,
whi ch i s def ocused t o i l l umi nat e t he whol e f i el d of vi ew f or
t he 300- ns dur at i on of t he pul se. A pul sed l aser can r eadi l y
suppl y t he ener gy needed t o sat ur at e t he f l uor ophor e ( Hi bi no

et al . , 1991 ; Keat i ng and Wensel , 1991) . For 400 AMf ur a- 2

i n a vol ume of 2 . 8 x 10 - 11 l i t er s ( pi xel ar ea x dept h of

f i el d) t her e wi l l be about 7 x 10° exci t ed f ur a- 2 mol ecul es,

whi ch woul d yi el d 2 x 1Wphot ons f or each act i vat i on, as-

sumi ng a quant umef f i ci ency of 0. 31 f or f ur a- 2 at 100 nM-

f r ee Cal + ( Gr ynki ewi cz et al . , 1985) . Si nce t he f l uor escence

l i f et i me of f ur a- 2 i s t i 2 ns ( Keat i ng and Wensel , 1991) each

f ur a- 2 mol ecul e coul d cont r i but e up t o 25 phot ons dur i ng a

50- ns pul se. Thi s woul d pr ovi de suf f i ci ent phot ons t o gen-

er at e i mages of consi der abl y hi gher qual i t y t han t hose shown

i n Fi gs. 3- 6. Thus, t he combi nat i on of our i nver se f i l t er i ng

appr oach wi t h pul sed l aser i magi ng t echni ques ( Hi bi no et

al . , 1991 ; Keat i ng and Wensel , 1991) of f er s t he pot ent i al t o

obt ai n t hi n sect i on i mages i n l ess t han a mi cr osecond . Thi s

cont r ast s wi t h t he scanni ng conf ocal mi cr oscopes wher e t he

r equi r ement t o scan t he i mage necessi t at es exci t at i on i nt ensi -

t i es at l east t hr ee or f our or der s of magni t ude hi gher t han

wi t h t he convent i onal epi f l uor escence mi cr oscope or , wher e

f l uor escence sat ur at i on i s l i mi t i ng, an equi val ent r educt i on

i n t empor al r esol ut i on .

Anot her consi der at i on f or measur ement s of i nt r acel l ul ar

Cal + concent r at i on i s t he choi ce of Cal + i ndi cat or . One of

t he most i mpor t ant f act or s t hat has r ecent l y made measur e-

ment s i n si ngl e cel l s f easi bl e has been t he avai l abi l i t y of t he

r at i omet r i c i ndi cat or s, f ur a- 2 and i ndo- 1 ( Gr ynki ewi cz et

al . , 1985 ; Tsi en, 1989) . Fur a- 2, t he most wi del y used i ndi -

cat or f or Cal + i magi ng, i s unsui t abl e f or conf ocal mi cr os-

copy because i t r equi r es t wo exci t at i on wavel engt hs . I ndo- 1

r equi r es t wo emi ssi on wavel engt hs and i s sui t abl e, but at t he

t i me of wr i t i ng, no st udi es usi ng i ndo- 1 wi t h a scanni ng con-

f ocal mi cr oscope have been publ i shed . Thi s mi ght be a r esul t

of t echni cal pr obl ems of usi ng an ul t r avi ol et l aser wi t h com-

mer ci al l y avai l abl e scanni ng conf ocal mi cr oscopes, t o pr ob-

l ems of al i gni ng t wo separ at e exi t pi nhol es so t hat t he t wo

det ect or s see bot h wavel engt hs at t he same f ocal pl ane, t o

dye sat ur at i on, or due t o phot obl eachi ng or phot ocyt ot oxi c-

i t y pr obl ems ( Wel l s et al . , 1990 ; Tsi en and Waggoner ,

1990) . An al t er nat i ve i s t o use f l uo- 3, an i ndi cat or t hat i s ex-

ci t ed by vi si bl e wavel engt hs of l i ght ( Mi nt a et al . , 1989) .

However , unl i ke wi t h f ur a- 2 and i ndo- 1, t he bi ndi ng of Cal +

t o f l uo- 3 does not i nduce any usef ul shi f t s i n t he exci t at i on

and emi ssi on spect r a t hat can be used f or r at i omet r i c cal i br a-

t i on of t he i nt r acel l ul ar Cal + concent r at i on . Fl uo- 3 has

been used wi t h a l aser scanni ng conf ocal mi cr oscope t o mea-

sur e t he Cal l concent r at i on i n sympat het i c neur ons and

car di ac myocyt es ( Her nandez- Cr uz et al . , 1990 ; Ni ggl i and

Leder er , 1990) , and wi t h a t andemscanni ng conf ocal mi cr o-

scope i n mouse oocyt es ( Wr i ght et al . , 1989) . The l ar ge si ze

of t hese cel l t ypes pr obabl y enabl ed det ect i on of an adequat e

si gnal . I t r emai ns t o be seen i f such st udi es ar e possi bl e wi t h

smal l er cel l s at hi gh spat i al r esol ut i on .

Concl usi on

By usi ng a comput at i onal met hod t o r emove out of f ocus i n-

f or mat i on f r om f l uor escence i mages of f ur a- 2- l oaded mast

cel l s, we have been abl e t o obt ai n t i me r esol ved hi gh r esol u-

t i on r at i omet r i c Cal + i mages cor r espondi ng t o t hi n opt i cal
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sect i ons t hr ough t he cel l . The no nei ghbor s debl ur r i ng

scheme has been ver i f i ed by : ( a) compar i ng t he t echni que

wi t h an est abl i shed met hod, t he near est nei ghbor s al -

gor i t hm; ( b) showi ng a ser i al sect i oni ng exper i ment i n whi ch

t he pr oper t i es of a t hi n opt i cal sect i on ar e demonst r at ed ; ( c)

gener at i ng model obj ect s, si mul at i ng t he bl ur r i ng due t o t he

t r ansf er f unct i on of t he mi cr oscope and appl yi ng t he no

nei ghbor s i nver se f i l t er t o r est or e t he or i gi nal obj ect ; ( d)

showi ng t he ef f ect of var yi ng t he f i l t er par amet er s on ex-

per i ment al and model dat a; and ( e) showi ng how t he combi -

nat i on of r at i o i magi ng wi t h t he no nei ghbor s pr ocessi ng

r emoves some of t he i nher ent l i mi t at i ons of t he i nver se

f i l t er i ng . An i mpor t ant advant age of t hi s appr oach i s t hat i t

does not r equi r e a sequence of ser i al sect i ons, whi ch r equi r es
speci al equi pment and gr eat l y r educes t he t i me r esol ut i on,
and i s appl i cabl e t o any i mage obt ai ned by a convent i onal
epi f l uor escence mi cr oscope . The t echni que can be al so ap-
pl i ed r et r ospect i vel y t o i mages t hat have al r eady been col -

l ect ed . The onl y addi t i onal pi eces of equi pment r equi r ed,
apar t f r om t he mi cr oscope i t sel f , ar e a 12- bi t CCD camer a
and a mi cr ocomput er syst em capabl e of per f or mi ng t wo-

di mensi onal Four i er t r ansf or ms . Such a ' syst emhas t he addi -

t i onal advant age t hat i t can r eadi l y be adapt ed f or use of

di f f er ent i ndi cat or s usi ng di f f er ent exci t at i on and emi ssi on

wavel engt hs and shoul d be sui t abl e f or mul t i - par amet er

st udi es usi ng sever al di f f er ent i ndi cat or s si mul t aneousl y
( DeBi asi o et al . , 1989) .
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