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Abst r act . The event s i n t he bi ogenesi s of secr et or y

gr anul es af t er t he buddi ng of a dense- cor ed vesi cl e

f r om t he t r ans- Gol gi net wor k ( TGN) wer e i nvest i gat ed

i n t he neur oendocr i ne cel l l i ne PC12, usi ng sul f at e-

l abel ed secr et ogr ani n I I as a mar ker . The TGN- der i ved

dense- cor ed vesi cl es, whi ch we r ef er t o as i mmat ur e se-

cr et or y gr anul es, wer e f ound t o be obl i gat or y or ganel -

l ar i nt er medi at es i n t he bi ogenesi s of t he mat ur e secr e-

t or y gr anul es whi ch accumul at e i n t he cel l . I mmat ur e

secr et or y gr anul es wer e conver t ed t o mat ur e secr et or y

gr anul es wi t h a hal f - t i me of =45 mi n . Thi s conver si on

ent ai l ed an i ncr ease i n t hei r si ze, i mpl yi ng t hat t he mat -

ur at i on of secr et or y gr anul es i ncl udes a f usi on event i n-

vol vi ng i mmat ur e secr et or y gr anul es . Pul se- chase l abel -

i ng of PC12 cel l s f ol l owed by st i mul at i on wi t h hi gh

T
HE r egul at ed pat hway of secr et i on begi ns wi t h t he f or -

mat i on of a dense- cor ed vesi cl e f r om t he TGN and

ends wi t h t he f usi on of t he secr et or y gr anul e wi t h t he

pl asma membr ane ( f or r evi ew see Bur gess and Kel l y, 1987) .

We have pr evi ousl y i dent i f i ed, by bi ochemi cal cr i t er i a, t he

f i r st vesi cul ar pr oduct of t he r egul at ed secr et or y pat hway, t he

TGN- der i ved dense cor e vesi cl e, i n t he neur oendocr i ne cel l

l i ne PC12 ( Tboze and Hut t ner , 1990) . The exper i ment al ap-

pr oach i nvol ved pul se- l abel i ng secr et ogr ani n I I ( SgI I ) , a se-

cr et or y pr ot ei n speci f i c f or neur oendocr i ne secr et or y gr an-

ul es ( Rosa et al . , 1985) , wi t h r adi oact i ve sul f at e, a pr ocess

known t o sel ect i vel y occur i n t he TGN ( Baeuer l e and Hut t -

ner , 1987) , and f ol l owi ng t he f at e of t he l abel ed SgI I . Wi t hi n

15 mi n of chase, vi r t ual l y al l t he l abel ed SgI I was r ecover ed
i n dense- cor ed vesi cl es whi ch wer e di st i nct f r om t he TGN

by var i ous cr i t er i a, i ncl udi ng t he l ack of TGN mar ker en-

zymes. These r api dl y f or med, TGN- der i ved dense- cor ed

vesi cl es have been r ef er r ed t o as i mmat ur e secr et or y gr an-

ul es ( Tooze and Hut t ner , 1990) .

Li t t l e i s known about whi ch of t he char act er i st i c pr oper -

t i es of t he f i nal , mat ur e secr et or y gr anul e ar e al r eady pr esent

i n t he i mmat ur e secr et or y gr anul e . Char act er i st i c f eat ur es of

Dr . T. Fl at mar k' s pr esent addr ess i s t he Depar t ment of Bi ochemi st r y, Uni -

ver si t y of Ber gen, Nor way .

1. Abbr evi at i ons used i n t hi s paper : hsPG, hepar an sul f at e pr ot eogl ycan;

SgI I , secr et ogr ai ni n I I ; TGN, t r ans- Gol gi net wor k .
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K+, whi ch causes t he r el ease of secr et ogr ani n I I ,

showed t hat not onl y mat ur e, but al so i mmat ur e secr e-

t or y gr anul es wer e capabl e of under goi ng r egul at ed

exocyt osi s. The ki net i cs of secr et i on of secr et ogr ani n I I ,

as wel l as t hose of a const i t ut i vel y secr et ed hepar an

sul f at e pr ot eogl ycan, wer e r educed by t r eat ment of

PC12 cel l s wi t h nocodazol e, suggest i ng t hat bot h secr e-

t or y gr anul es and const i t ut i ve secr et or y vesi cl es ar e

t r anspor t ed t o t he pl asma membr ane al ong mi cr ot u-

bul es. Our r esul t s i mpl y t hat cer t ai n membr ane pr o-

t ei ns, e. g. , t hose i nvol ved i n t he f usi on of post TGN

vesi cl es wi t h t he pl asma membr ane, ar e sor t ed upon

exi t f r om t he TGN, wher eas ot her membr ane pr ot ei ns,

e . g . , t hose i nvol ved i n t he i nt er act i on of post TGN ves-

i cl es wi t h t he cyt oskel et on, may not be sor t ed .

mat ur e secr et or y gr anul es i ncl ude a speci f i c composi t i on of

secr et or y and membr ane pr ot ei ns and t he abi l i t y t o f use wi t h

t he pl asma membr ane i n r esponse t o an appr opr i at e st i mul us

( f or r evi ew see Bur gess and Kel l y, 1987) . Wher eas i t i s

known t hat secr et or y pr ot ei ns ar e sor t ed i nt o i mmat ur e

secr et or y gr anul es upon t hei r exi t f r omt he TGN ( Tooze et

al . , 1987; Or ci et al . , 1987 ; Tooze and Hut t ner , 1990) , i t i s

uncl ear when secr et or y gr anul es acqui r e t hei r f i nal mem-

br ane pr ot ei n composi t i on . I t i s al so not known whet her t he

abi l i t y f or r egul at ed exocyt osi s i s speci f i c f or mat ur e, as op-

posed t o i mmat ur e, secr et or y gr anul es .

I n PC12 cel l s, t he appear ance of sul f at e- l abel ed SgI I i n i m-

mat ur e secr et or y gr anul es i s suf f i ci ent l y synchr onous t o al -

l ow us t o st udy, usi ng chase t i mes l onger t han 15 mi n, t hei r

r el at i onshi p t o mat ur e secr et or y gr anul es . Empl oyi ng t hi s

appr oach, we descr i be her e t he conver si on of i mmat ur e

secr et or y gr anul es t o mat ur e secr et or y gr anul es and com-

par e sever al of t hei r pr oper t i es .

Mat er i al s and Met hods

Cel l s and Reagent s

PC12 cel l s wer e cul t ur ed i n gr owt h medi um( DME, 10%hor se ser um, 5%

FCS) and passaged as pr evi ousl y descr i bed ( Tooze and Hut t ner , 1990) .

Nocodazol e was obt ai ned f r om Si gma ( Muni ch, Ger many) and sol ubi l i zed

i n DMSO as a 10- mM st ock sol ut i on, and st or ed at - 20° C. Car r i er - f r ee



[ 35 S] sul f at e, [ 7, 8- 3 H] nor epi nephr i ne, and [ l zsl ] pr ot ei n A wer e pur chased

f r om Amer sham Buchl er ( Br aunschwei g, Ger many) .

Radi ol abel i ng and Pul se- Chase Anal ysi s of PC12 Cel l s

Label i ng wi t h [3HJnor epi nephr l ne. PC12 cel l s, gr ave i n 15cm di shes,

wer e l abel ed f or 16 h wi t h 25 pCi [ 7, 8 3H] nor epi nephr i ne per di sh i n

gr owt h medi um. A post - nucl ear super nat ant was pr epar ed f r om t he cel l s

and subj ect ed t o vel oci t y sucr ose gr adi ent cent r i f ugat i on ( see bel ow) . 100-

kl al i quot s of t he f r act i ons ( 1 ml each) col l ect ed f r omt he vel oci t y gr adi ent

wer e subj ect ed t o l i qui d sci nt i l l at i on want i ng.

Pul se- Chase Label i ng wi t h [ ~S] sul f at e. PC12 cel l s wer e pul se l abel ed

wi t h [ 35 S] sul f at e and chased at 37° C as descr i bed pr evi ousl y ( Tooze and

Hut t ner , 1990 ; see f i gur e l egends f or det ai l s) , except t hat t he medi a wn-

t ai ned an addi t i onal 10 mMHepes, pH7. 2, and wer e suppl ement ed wi t h

0. 1` % hor se ser umand 0. 05` % FCS.

St i mul at i on of Cel l s. Af t er t he i ndi cat ed pul se l abel i ng, or af t er t he

chase per i ods, t he l abel ed PC12 cel l s wer e washed once wi t h medi um wn-

t ai ni ng 5 mMK+ ( 127 mMNaCI , 5 mMKCI , 2 . 2 mMCaCl z, 0. 33 mM

NazHPOa, 0. 44 mMKHzPOa, 4 . 2 mMNaHC03, 5 . 6 mM Gl uwse, 10

mMHepes, pH7. 4) ( Ross et al . , 1985) . I n t he exper i ment s shown i n Fi gs .

8 and 9, t he cel l s wher e t hen i ncubat ed f or 5 mi n at 37° C wi t h r ocki ng i n

medi um cont ai ni ng 5 mMK* , and t he wash was di scar ded . I n al l st i mul a-

t i on exper i ment s, t he cel l s wer e t hen t r eat ed ei t her wi t h medi umcont ai ni ng

5 mMK+ ( wnt r ol ) or , f or st i mul at i on, wi t h medi umwnt ai ni ng 55 mMK+

( 77 mM NaCI , SS mM KCI , 2 . 2 mMCaCl z, 0. 33 mMNazHPOa> 0. 44

mMKHzI ' Oa, 4 . 2 mMNaHC03, 5 . 6 mMGl uwse, 10 mMHepes, pH7. 4)

( Ross et al . , 1985) f or 10- 20 mi n at 37° C, as i ndi cat ed .

Pr ocessi ng of Sampl es. Except f or exper i ment s i nvol vi ng vel oci t y and

equi l i br i umsucr ose gr adi ent cent r i f ugat i on ( sce bel ay) , PC12 cel l s, af t er

l abel i ng, chase, and st i mul at i on, wer e t r ansf er r ed t o i ce, and t he medi um
was r emoved and kept at 4° C. The cel l s wer e washed t hr ee t i mes wi t h

cal ci um- and magnesi umf r ee- PBS at 4° C, and r emoved f r omt he di sh ei t her

manual l y by scr api ng ( Tooze and Hut t ner , 1990) or wi t h TNTE buf f er ( 20

mMTr i s- HCI , pH 7. 4, 150 mMNaCI , 0. 3 %Tween- 20, 5 mMEDTA, 0. 5

mMPMSF) . The cel l l ysat es wer e boi l ed f or 3 mi n, cent r i f uged f or 5 mi n

i n an Eppendor f mi cr of uge at r oomt emper at ur e, and t he heat - st abl e super -
nat ant s wer e wl l ect ed. The l abel i ng, chase, and st i mul at i on medi a wer e

cent r i f uged f or 5 mi n i n an Eppendor f mi cr of uge at 4° C. Al i quot s of t he

heat - st abl e super nat ant s and medi a wer e ei t her subj ect ed t o acet one

pr eci pi t at i on, SDS- PAGE, and f l uor ogr aphy as pr evi ousl y descr i bed ( l boze

and Hut t ner , 1990) or t o i mmunopr eci pi t at i on as descr i bed bel ow. Al -

t hough not shown, t he heat - st abl e super nat ant s der i ved f r om t he cel l l y-

sat es, whi ch wnt ai n vi r t ual l y al l of t he SgI I pr esent i n t he cel l ( Ross et al . ,

1985) , wer e al ways anal yzed t o check t he over al l val i di t y of t he exper i -

ment s .

I mmunopr eci pi t at i on of [ ssS] swf at e l abel ed SgI I . Equal al i quot s ( 300

pl ) of ei t her heat - st abl e super nat ant s f r om cel l l ysat es, chase medi a, and

st i mul at i on medi a wer e adj ust ed t o a f i nal wncent r at i on of i % Tr i t on

X- 100, 1%sodi umdeoxychol at e, 1 mMEDTA, 0. 5 mMPMSF, i nwbat ed

f or 15 mi n at 4° C, and cent r i f uged f or 5 mi n at 4° C i n an Eppendor f mi cr o-

f uge. The super nat ant was i ncubat ed f or 120 mi n at 4° C wi t h 5 pl of an

ant i ser um r ai sed agai nst SgI I f r om PC12 cel l s ( Ross et al . , 1985) , af t er

whi ch 100 pl of a 10 %( wt / vol ) suspensi on of pr ot ei n- A Sephar ose, swol l en

and washed t hr ee t i mes wi t h wash buf f er ( 50 mMTr i s- HCI , pH 7. 4, 1%

Tr i t on X- 100, 19b sodi umdeoxychol at e, 1 mMEDTA) , was added, and t he

mi xt ur e was i ncubat ed wi t h r ocki ng f or 60 mi n at r oom t emper at ur e. The

i mmunocompl exes wer e pel l et ed, and washed t hr ee t i mes wi t h wash buf f er

by cent r i f ugat i on at r oomt emper at ur e at 1, 000 r pmi n an Eppendor f mi cr o-

f uge, f ol l owed by r esuspensi on. Af t er t he f i nal wash, t he i mmunowmpl exes

wer e washed once i n 10 mMTr i s- HCI , pH7. 4, sol ubi l i zed i n 150 ~, 1 of SDS-

PAGE sampl e buf f er , and anal yzed by SDS- PAGE f ol l owed by f l uor ogr aphy.

Vel oci t y and Equi l i br i umSucr ose
Gr adi ent Cent r e;f ugat i on

Af t er pul se- chase l abel i ng wi t h [ 35S] sul f at e or af t er [ 3 H] nor epi nephr i ne

l abel i ng of PC12 cel l s as descr i bed above, a post nucl ear super nat ant was

pr epar ed as pr evi ousl y descr i bed ( l boze and Hut t ner , 1990) . The post -

nucl ear super nat ant was appl i ed t o a sucr ose gr adi ent ( 0. 3 Mt o 1. 2 M) and

cent r i f uged f or 15 mi n as descr i bed ( Tooze and Hut t ner , 1990) ( vel oci t y su-

cr ose gr adi ent cent r i f ugat i on) . Fr act i ons ( 1 ml each) wer e col l ect ed f r om

t he t op of t he vel oci t y gr adi ent and an equal al i quot of each was anal yzed

af t er acet one pr eci pi t at i on bY SDS- PAGE and f l uor ogr aphy . The f r act i ons

cont ai ni ng t he i mmat ur e secr et ar y gr anul es ( f r act i ons 1- 4) or t he mat ur e
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secr et or y gr anul es ( f r act i ons 4- t i ) wer e col l ect ed, pool ed, appl i ed t o a sec-

ond sucr ose gr adi ent ( 0. 5- 2 . 0 M) , and cent r i f uged f or S h as descr i bed

( ' I boze and Hut t ner , 1990) ( equi l i br i um sucr ose gr adi ent cent r i f ugat i on) .

Fr act i ons ( 1 ml each) wer e col l ect ed f r om t he t op of t he equi l i br i um gr a-

di ent and an equal al i quot of each was anal ysed af t er acet one pr eci pi t at i on

by SDS- PAGE and f l uor ogr aphy .

I n t he exper i ment s i n whi ch t he equi l i br i umdensi t y of i mmat ur e and ma-

t ur e secr et ar y gr anul es was det er mi ned, t he post nucl ear super nat ant was

pr epar ed f r omPC12 cel l s ( ASS] sul f at e- l abel ed f or 10 mi n and chased f or 30

mi n or l abel ed f or 6 h and chased f or 12 h, and di r ect l y subj ect ed t o cen-

t r i f ugat i on at 100, 000 g f or 3 h on a sucr ose gr adi ent r angi ng f r om 0. 6 t o

2 . 0 M, f ol l owed by anal ysi s as above.

I mmunobl ot t i ng of Sgl l

Al i quot s of t he f r act i ons col l ect ed f r omt he vel oci t y gr adi ent wer e subj ect ed

t o acet one pr eci pi t at i on f ol l owed by SDS- PAGE and i mmunobl ot t i ng usi ng

a r abbi t ant i ser um ( ki ndl y pr ovi ded by Dr . H: H. Ger des, Eur opean Mol ec-

ul ar Bi ol ogy Labor at or y [ EMBL] , Hei del ber g, Ger man) r ai sed agai nst a

pept i de cor r espondi ng t o t he ami no t er mi nal sequence of SgI I ( Ger des et

al . , 1989) . SgI I i mmunor eact i vi t y was r eveal ed usi ng [ ~uI ] pr ot ei n Aand

quant i t at ed bY y- count i ng of t he r el evant ni t r ocel l ul ose pi eces.

Anal yt i cal Di , , ~er ent i al Cent r i f ugat i on

Af t er pul se- chase l abel i ng of PC12 wi t h [ 35 S] sul f at e cel l s as descr i bed

above, a post - nucl ear super nat ant was pr epar ed as pr evi ousl y descr i bed

( ' I boze and Hut mer , 1990) . The post nucl ear super nat ant was di l ut ed 1: 10

wi t h cent r i f ugat i on medi um ( 0. 25 Msucr ose wnt ai t t i ng 1 mMEDTA and

1 mMTr i s- HCI , pH 7. 4; densi t y = 1 . 034 g/ cm3) and subj ect ed t o anal yt i -

cal di f f er ent i al cent r i f ugat i on at 4° C essent i al l y as descr i bed ( Suede and

Fl at mar k, 1973) , usi ng a TLS- 55 r ot or and pol ycar bonat e t ubes ( 1 . 1 cm

out er di amet er , 3 . 4 cml engt h, r m, x = 7. 52 cm, r ~ = 5. 35 cm) i n a Beck-

man TL- 100 ul t r acent r i f uge at r evol ut i ons per mi nut e val ues r angi ng f r om

5, 000- 33, 000 f or t i mes r angi ng f r om 10- 35 mi n, wi t h t he br ake of f . Af t er

cent r i f ugat i on, t he pel l et s wer e subj ect ed t o SDS- PAGE and f l uor ogr aphy,

and [ 35S] sul f at e- l abel ed SgI I was quant i t at ed as descr i bed bel ow.

The cent r i f ugal ef f ect "

was cal cul at ed as descr i bed ( Suede and Fl at mar k, 1973) . For each i n-

di vi dual condi t i on of cent r i f ugat i on, t he f r act i on of t he [ 33 S] sul f at e- l abel ed

SgI I t hat had sedi ment ed was det er mi ned i n dupl i cat e, and t he mean val ue

was expr essed as :
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Quant i t at i on of Radi oact i vi t y i n SgI I and hsPG

Af t er SDS- PAGE and f l uor ogr aphy, t he quant i t at i on of t he r adi oact i vi t y i n

t he SgI I band or t he hsPGwas per f or med ei t her by densi t omet r i c scanni ng

or by want i ng, af t er di gest i on of t he r adi oact i ve mol ecul es wi t h pr onase

and el ut i on f r om t he gel , as descr i bed pr evi ousl y ( l boze and Hut t ner ,

1990) .

El ect r on Mi cr oscopy and Mor phomet r y

Al i quot s of f r act i ons wl l ect ed f r omequi l i br i umgr adi ent s ( see above) wn-

t ai ni ng i mmat ur e ( f r act i ons 6- 8) or mat ur e ( f r act i ons 9+10) secr et ar y



gr anul es wer e di l ut ed 1 : 1 wi t h Kamovsky' s f i xat i ve, pel l et ed, pr ocessed,
embedded i n Epon, and st ai ned wi t h ur anyl acet at e and l ead ci t r at e as pr evi -
ousl y descr i bed ( Tooze and Hut mer , 1990) . The si ze of t he dense cor es was
measur ed f r omnegat i ves t aken at 17, 000 x magni f i cat i on . Onl y t hose dense
cor es wer e measur ed wher e t he l i mi t i ng membr ane was compl et el y vi si bl e
ar ound t he whol e gr anul e. The mean " measur ed" and " t r ue" dense cor e di -
amet er s wer e cal cul at ed usi ng st andar d t echni ques and equat i ons ( Aheme
and Dunhi l l , 1982) and t ake i nt o account t he " opt i cal l y l ost capsr , i . e . , t he
smal l est t r ansect i ons t hr ough t he dense cor e, whi ch cannot be accur at el y
measur ed on t he negat i ve .

I ndi r ect I mmunol t uor escence Label i ng

PC12 cel l s, gr own on pol yl ysi ne- coat ed cover sl i ps ( Rosa et al . , 1989) , wer e
ext r act ed wi t h 80 mMP1PES- KOH, pH 6. 8, 5 MMEGTA, 1 MMM902,
0. 5% Tr i t on X- 100, t o r emove t he sol ubl e pool of t ubul i n f r om t he
cyt opl asm, and t he r emai ni ng mi cr ot ubul es wer e f i xed, exact l y as descr i bed
by Kr ei s ( 1987) . The f i xed cel l s wer e l abel ed wi t h t he mAb 1A2, ki ndl y
pr ovi ded by Dr . T. Kr ei s ( EMBL, Hei del ber g, Ger many) , and vi sual i zed
usi ng a r hodami ne- conj ugat ed goat ant i - mouse I gGant i body as pr evi ousl y
descr i bed ( Kr ei s, 1987) .

Resul t s

Mat ur at i on of Secr et or y Gr anul es i n PC12 Cel l s

Wehave pr evi ousl y shown t hat i n PC12 cel l s, t he f i r st vesi cu-

l ar pr oduct i n t he r egul at ed pat hway of secr et i on f or med

f r omt he TGN i s a gr anul ar st r uct ur e whose dense cor e has

a di amet er ( t i 80 r un) si mi l ar t o dense- cor ed mat er i al f ound

wi t hi n t he l umen of t he TGN ( Tooze and Hut t ner , 1990) .

Thi s f i r st pr oduct i s r ef er r ed t o as an i mmat ur e secr et or y

gr anul e because, as wi l l be descr i bed bel ow, i t r epr esent s a

vesi cul ar i nt er medi at e i n t he f or mat i on of t he f i nal or ganel l e

of t he r egul at ed pat hway, t he mat ur e secr et or y gr anul e whi ch

accumul at es i n t he cel l . I n PC12 cel l s, i mmat ur e secr et or y

gr anul es can be i dent i f i ed usi ng SgI I , l abel ed f or 5 mi n wi t h
[ 318] sul f at e i n t he TGN and chased f or 15 mi n, as a mar ker

( Tooze and Hut t ner , 1990) . I n t he pr esent st udy, we have

used [ 35 S] sul f at e- l abel ed SgI I chased f or pr ol onged per i ods

( 4- 16 h) t o i dent i f y mat ur e secr et or y gr anul es and t o i nves-

t i gat e whet her t hey act ual l y di f f er f r omi mmat ur e secr et or y

gr anul es . Vel oci t y sucr ose gr adi ent cent r i f ugat i on r eveal ed

t hat i mmat ur e secr et or y gr anul es peaked i n f r act i on 3 ( Fi g .

1 A) , wher eas mat ur e secr et or y gr anul es peaked i n f r act i on

4 ( Fi g. 1 E) . Thi s al l owed us t o i nvest i gat e t he t i me cour se

of mat ur at i on of i mmat ur e secr et or y gr anul es .

When SgI I l abel ed f or 5 mi n i n t he TGN was chased f or

30 mi n ( Fi g. 1 B) , 60 mi n ( Fi g . 1 C) , and 75 mi n ( Fi g . 1

D) , t he peak of t he [ 35 S] sul f at e- l abel ed SgI I shi f t ed gr adu-

al l y f r om f r act i on 3 t o f r act i on 4 . Bet ween 75 mi n ( Fi g . 1

D) and 240 mi n ( Fi g . 1 E) of chase, t he peak of t he l abel ed

SgI I r emai ned i n f r act i on 4 . These r esul t s show t hat t he i m-

mat ur e secr et or y gr anul es, as def i ned by SgI I sul f at e l abel ed

f or 5 mi n and chased f or 15 mi n, ar e an i nt er medi at e i n t he

f or mat i on of mat ur e secr et or y gr anul es, and t hat t he conver -

si on of i mmat ur e secr et or y gr anul es t o mat ur e secr et or y

gr anul es i s compl et e af t er 75 mi n of chase ( Fi g . 1 G) , i . e. ,

75 mi n af t er exi t of SgI I f r om t he TGN.

The di st r i but i on acr oss t he vel oci t y gr adi ent of [ 35 S] sul -

f at e- l abel ed SgI I chased f or 240 mi n ( Fi g . I E) was ver y

si mi l ar t o t he di st r i but i on of [ 3H] nor epi nephr i ne ( Fi g . 1 F) ,

whose upt ake i s a char act er i st i c f eat ur e of secr et or y gr anul es

i n PC12 cel l s ( Gr eene and Ti schl er , 1976) , as wel l as t o t he

di st r i but i on of SgI I i mmunor eact i vi t y ( Fi g . 1 F) . Because

bot h i mmat ur e and mat ur e secr et or y gr anul es cont r i but e t o

Tooze et al . Mat ur at i on of Secr et or y Gr anul es
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Chase t i me ( mi n)

Fi gur e 1. Ti me cour se of mat -
ur at i on of secr et or y gr anul es
i n PC12 cel l s . PC12 cel l s wer e
pul se l abel ed f or 5 mi n wi t h

[ s5S] sul f at e and chased f or 15
( A) , 30 ( B) , 60 ( C) , 75 ( D) ,
and 240 ( E) mi n. Al t er nat i vel y
( F) , PC12 cel l s wer e l abel ed
f or 16 h wi t h 25 pCi of [ 3H] -

post nucl ear super nat ant was
pr epar ed f r om t he cel l s and
subj ect ed t o vel oci t y sucr ose
gr adi ent cent r i f ugat i on . Fr ac-
t i ons wer e col l ect ed f r omeach
gr adi ent ( f r act i on 1 = t op ; see

absci ssa on F) , and an al i quot
of each f r act i on was ei t her ana-
l yzed by SDS- PAGE f ol l owed
by f l uor ogr aphy and quant i t a-
t i on of t he r adi oact i vi t y i n t he
SgI I band ( A- E) , or count ed

di r ect l y f or 3H- r adi oact i vi t y
( F, open squar es) . I n addi t i on,
al i quot s of t he f r act i ons of
a vel oci t y gr adi ent wer e sub-
j ect ed t o i mmunobl ot t i ng f or
SgI I ( F, cr osses) . For each
condi t i on, t he hi ghest val ue
was ar bi t r ar i l y set t o 1 . 0. Ar -
r ows i n A- E i ndi cat e t he peak,
cal cul at ed f or each cur ve by

det er mi ni ng t he i nt er cept of
t he t wo sl opes of t he cur ve.
These peak posi t i ons, whi ch
shi f t f r om f r act i on 3 ( A) t o
f r act i on 4 ( Dand E) , ar e ex-
pr essed i n Gas a f unct i on of
chase t i me, r eveal i ng t he ki -
net i cs of conver si on of i mma-

t ur e secr et or y gr anul es t o ma-
t ur e secr et or y gr anul es .

SgI I i mmunor eact i vi t y, we concl ude t hat mat ur e secr et or y

gr anul es ar e much mor e abundant t han i mmat ur e secr et or y

gr anul es i n PC12 cel l s, whi ch i s consi st ent wi t h t he r el a-

t i vel y shor t hal f - l i f e of t he l at t er ( Fi g . 1 G) .

Densi t y Compar i son of I mmat ur e and

Mat ur e Secr et or y Gr anul es

I n Fi g. 2 ( A and B) f l uor ogr ams ar e shown whi ch r eveal t he

di st r i but i on acr oss t he vel oci t y sucr ose gr adi ent of [ 35 S] sul -

f at e- l abel ed mat er i al af t er ei t her a 5- mi n pul se f ol l owed by

a 15- mi n chase ( Fi g . 2 A) or a 6- h l abel i ng f ol l owed by a 16- h

chase ( Fi g . 2 B) . Conf i r mi ng our pr evi ous r esul t s ( Tooze and

SgI I , 15 mi n

SgI I , 30 mi n

SgI I , 60 mi n

SgI I , 75 mi n

Sg11, 240mi n

4- 13H1- NE

Sg11
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Hut t ner , 1990) , most of t he hsPGand SgH af t er t he 5- mi n

pul se and 15- mi n chase ar e f ound i n an over l appi ng but non-

i dent i cal di st r i but i on i n t he t op f our f r act i ons of t he gr adi ent

( Fi g. 2 A) . Af t er t he 6- h l abel i ng f ol l owed by a 16- h chase,

onl y a mi nor por t i on of t he hsPG was r ecover ed i n t he post -

nucl ear super nat ant subj ect ed t o cent r i f ugat i on because of

t he const i t ut i ve secr et i on of t he hsPG dur i ng t he chase

( Tooze and Hut mer , 1990 ; al so see bel ow) . Af t er t he 16- h

chase, consi st ent wi t h t he r esul t s shown i n Fi g . 1, t he peak

of SgI l ( and al so t hat of secr et ogr ani n I whi ch coul d be de-

t ect ed af t er t he secr et i on of t he hsPG) was f ound i n f r act i ons

4- 5 ( Fi g . 2 B) , i . e . , deeper i n t he gr adi ent t han i mmat ur e

secr et or y gr anul es .
The obser vat i on t hat mat ur e secr et or y gr anul es mi gr at ed

mor e deepl y i nt o t he vel oci t y gr adi ent t han i mmat ur e secr e-

t or y gr anul es coul d be due t o an i ncr ease i n densi t y, si ze, or

bot h . To i nvest i gat e a possi bl e i ncr ease i n densi t y, i mmat ur e

secr et or y gr anul es and mat ur e secr et or y . gr anul es wer e com-

par ed usi ng equi l i br i um sucr ose densi t y gr adi ent cent r i f uga-

t i on ( Fi g . 2, Cand D) . The equi l i br i um sucr ose gr adi ent

cent r i f ugat i on was per f or med on f r act i ons col l ect ed and

pool ed f r omt he vel oci t y gr adi ent s ( i mmat ur e secr et or y gr an-

ul es, f r act i ons 1- 4, see Fi g. 2 A; mat ur e secr et or y gr anul es,

f r act i ons 4- 6, see Fi g. 2 B) ; t hi s al l owed a bet t er r esol ut i on,

and enr i chment , of t he i mmat ur e and mat ur e secr et or y gr an-

ul es t han was achi eved by subj ect i ng t he post - nucl ear super -

nat ant onl y t o equi l i br i um sucr ose gr adi ent cent r i f ugat i on

( dat a not shown) . Upon equi l i br i um cent r i f ugat i on, t he peak

of i mmat ur e secr et or y gr anul es was f ound i n f r act i on 8 ( Fi g .

2 C) , and was separ at ed f r omt he const i t ut i ve secr et or y vesi -

cl es i dent i f i ed by t he pr esence of t he hsPG ( f r act i ons 5 and

6) , as shown pr evi ousl y ( Tboze and Hut t ner , 1990) , wher eas

t he peak of mat ur e secr et or y gr anul es was f ound i n f r act i ons

9- 10 ( Fi g. 2 D) . Tb excl ude t he possi bi l i t y t hat t hese t wo

peaks r ef l ect ed onl y t he f act t hat di f f er ent f r act i ons f r omt he

vel oci t y gr adi ent had been subj ect ed t o equi l i br i umcent r i f u-

gat i on, and t o det er mi ne t he buoyant densi t y of i mmat ur e

and mat ur e secr et or y gr anul es, post - nucl ear super nat ant s

cont ai ni ng ei t her [ 33S] sul f at e- l abel ed i mmat ur e or [ 35 S] Sul -

f at e- l abel ed mat ur e secr et or y gr anul es wer e di r ect l y sub-

j ect ed t o equi l i br i umcent r i f ugat i on on a sucr ose densi t y gr a-

di ent . I mmat ur e and mat ur e secr et or y gr anul es wer e f ound

t o have buoyant densi t i es of 1 . 148 g/ cm3 and 1 . 178 g/ cm3 ,

r espect i vel y ( mean of t wo i ndependent exper i ment s) . Thus,

secr et or y gr anul es of PC12 cel l s ( at l east i n t he hyper t oni c

sucr ose gr adi ent s descr i bed above) i ncr ease i n densi t y dur i ng

mat ur at i on .
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Tabl e 1. Compar i son of t he Di amet er of t he
Dense Cor e of I mmat ur e and Mat ur e Seer et or y
Gr anul es I sol at ed f r om PC12 Cel l s

Si ze Compar i son of I mmat ur e and
Mat ur e Seer et or y Gr anul es

I mmat ur e secr et or y gr anul es and mat ur e secr et or y gr anul es wer e i sol at ed f r om

PC12 cel l s usi ng sequent i al vel oci t y and equi l i br i umgr adi ent cent r i f ugat i on as
descr i bed i n Fi g . 2 . The cor e di amet er was measur ed f r ommi cr ogr aphs of t he

gr anul e pr epar at i ons t aken at a magni f i cat i on of x 17, 000. Onl y t hose dense

cor es wer e measur ed wher e t he gr anul e membr ane was vi si bl e sur r oundi ng t he
ent i r e cor e. The cal cul at i ons made t o obt ai n t he measur ed and t r ue cor e di -

amet er of t he i mmat ur e and mat ur e secr et or y gr anul e wer e per f or med accor d-

i ng t o Aher ne and Dunni l l ( 1982) .

We used bot h a mor phol ogi cal and bi ochemi cal appr oach t o

i nvest i gat e whet her , i n addi t i on t o t he obser ved di f f er ence i n

densi t y, i mmat ur e and mat ur e secr et or y gr anul es al so di f -

f er ed by si ze. The f r act i ons col l ect ed f r omt he equi l i br i um

gr adi ent s cont ai ni ng ei t her i mmat ur e secr et or y gr anul es

( f r act i ons 6- 8) or mat ur e secr et or y gr anul es ( f r act i ons 9- 10)

wer e pool ed and pr ocessed f or t hi n sect i on EM( Fi g . 2, E

and F) . Bot h pr epar at i ons wer e enr i ched i n vesi cl es cont ai n-

i ng dense- cor ed mat er i al . However , a maj or di f f er ence be-

t ween t he secr et or y gr anul es i n t he t wo pr epar at i ons was t he

si ze of t hei r dense cor es ; t he measur ed di amet er of t he dense

cor e was on aver age - 80 r un f or t he secr et or y gr anul es pr es-

ent i n f r act i ons 6- 8 and on aver age - 120 nmf or t he secr e-

t or y gr anul es pr esent i n f r act i ons 9- 10 ( Tabl e I ) .

Anal ysi s of t he f r equency of t he i ndi vi dual dense cor e di -

amet er s r eveal ed t hat t he secr et or y gr anul es pr esent i n f r ac-

t i ons 6- 8 of t he second, equi l i br i um gr adi ent showed a f ai r l y

symmet r i cal di st r i but i on ar ound t he maj or peak val ue of 78
r un

( Fi g. 3 A) , i ndi cat i ng t he pr esence of one maj or popul a-

t i on of secr et or y gr anul es i n t hese f r act i ons . Thi s secr et or y

gr anul e popul at i on was di st i nct f r omt hat f ound i n f r act i ons

9+10 of t he equi l i br i umgr adi ent , whi ch had a peak r angi ng

f r om 117 t o 133
r un

dense cor e di amet er ( Fi g. 3 B) .

To i nvest i gat e bi ochemi cal l y a possi bl e di f f er ence i n si ze

bet ween i mmat ur e and mat ur e secr et or y gr anul es, we det er -

mi ned t hei r sedi ment at i on coef f i ci ent i n i sot oni c sucr ose

usi ng anal yt i cal di f f er ent i al cent r i f ugat i on ( Sl i nde and Fl at -

Fi gur e 2 . Bi ochemi cal and mor phol ogi cal compar i son of i mmat ur e and mat ur e secr et or y gr anul es of PC12 cel l s . PC12 cel l s wer e ei t her
pul se l abel ed f or 5 mi n and chased f or 15 mi n ( A) , or l abel ed f or 6 h and chased f or 16 h ( B) , f ol l owed by t he pr epar at i on of a post - nucl ear
super nat ant , vel oci t y sucr ose gr adi ent cent r i f ugat i on, and anal ysi s of t he f r act i ons by SDS- PAGE and f l uor ogr aphy ( f r act i on 1 = t op) .
The f r act i ons cont ai ni ng t he peak of t he r adi oact i ve hsPG and SgH ( f r act i ons 1- 4 i n A and 4- 6 i n B; bar s) wer e pool ed and subj ect ed
t o equi l i br i umsucr ose gr adi ent cent r i f ugat i on f ol l owed by anal ysi s of t he f r act i ons by SDS- PAGE and f l uor ogr aphy ( Cand D, r espect i vel y) .
I n B and D, t he doubl et above SgH whi ch comi gr at es wi t h SgI I i s secr et ogr ani n I . Fr act i ons i ncl udi ng t he peak of t he r adi oact i ve SgU
( bar s) wer e t hen col l ect ed, pool ed and pr ocessed f or EM; t hese wer e ; f r act i ons 6- 8 i n C, chosen t o mi ni mi ze t he cont ami nat i on of i mmat ur e
secr et or y gr anul es by mat ur e secr et or y gr anul es ; and f r act i ons 9+10 i n D, chosen t o mi ni mi ze t he cont ami nat i on of mat ur e secr et or y

gr anul es by i mmat ur e secr et or y gr anul es . Repr esent at i ve t hi n sect i on el ect r on mi cr ogr aphs ar e shown i n E and F, r espect i vel y . Not e t hat
t he cor es of t he i mmat ur e secr et or y gr anul es ( E, ar r owhead) ar e smal l er t han t he cor es of t he mat ur e secr et or y gr anul es ( F, ar r owhead) ,

and t hat t he membr ane of t he i mmat ur e secr et or y gr anul es i s mor e of t en i r r egul ar l y shaped and l oosel y sur r oundi ng t he cor e ( E, ar r ow) ,

i n cont r ast t o t he mat ur e secr et or y gr anul es whose membr ane i s mor e uni f or ml y sur r oundi ng t he cor e . Bar , 100 nm.

Cor e di amet er

Secr et or y gr anul e t ype Measur ed mean Tr ue mean

( nm) ( nnt )

I mmat ur e 79 . 9 t 12 . 8 ( n = 120) 101 . 6

Mat ur e 120. 0 t 11 . 7 ( n = 134) 152 . 9



mar k, 1973) . Anal ysi s of t he post - nucl ear super nat ant of

PC12 cel l s l abel ed f or 5 mi n wi t h PSS] sul f at e and chased

f or 15 mi n showed t hat t he vesi cl es cont ai ni ng l abel ed SgI I ,

i . e. , t he i mmat ur e secr et or y gr anul es, exhi bi t ed a sedi men-

t at i on behavi or char act er i st i c of a si ngl e, homogeneous pop-

ul at i on of par t i cl es ( Fi g. 4) . The s- val ue was cal cul at ed f r om

t he l ogar i t hmi c expr essi on of t he r at e equat i on and f ound t o

be 385 t 19 S. When PC12 cel l s wer e l abel ed f or 6 h wi t h
[ 35 S] sul f at e f ol l owed by a 16- h chase, t he vesi cl es cont ai n-

i ng l abel ed SgI I , i . e. , t he mat ur e secr et or y gr anul es, al so ex-

hi bi t ed a sedi ment at i on behavi or char act er i st i c of a si ngl e,

The Jour nal of Cel l Bi ol ogy, Vol ume 115, 1991

Fi gur e 3 Mor phomet r i c anal -

ysi s of t he dense cor e di amet er

of i mmat ur e and mat ur e se-

cr et or y gr anul es . Fr act i ons en-

r i ched i n i mmat ur e secr et or y

gr anul es ( A) andmat ur e secr e-

t or y gr anul es ( B) wer e ob-

t ai ned f r om unl abel ed PC12

cel l s by sequent i al vel oci t y

and equi l i br i um sucr ose den-

si t y gr adi ent cent r i f ugat i on

and subj ect ed t o EMas de-

scr i bed i n Fi g . 2, f ol l owed by

mor phomet r i c anal ysi s of t he

el ect r on- dense cor es . The f r e-

quency of t he i ndi vi dual cor e

di amet er s, gr oupedas i ndi cat ed

on t he absci ssa, of t he i mma-

t ur e secr et or y gr anul es pr es-

ent i n f r act i ons 6- 8 ( t ot al

count : 120) andt he mat ur e se-

cr et or y gr anul es pr esent i n

f r act i ons 9+10 ( t ot al count :

134) of t he equi l i br i umgr adi -

ent s ar e expr essed as per cent

of t he t ot al count .

ó
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Fi gur e 4. Anal yt i cal di f f er ent i al cent r i f ugat i on of i mmat ur e and ma-

t ur e secr et or y gr anul es of PC12 cel l s . PC12 cel l s wer e ei t her pul se

l abel ed f or 5 mi n and chased f or 15 mi n ( i mmat ur e secr et or y gr an-

ul es, sol i d ci r cl es) , or l abel ed f or 6 h and chased f or 16 h ( mat ur e

secr et or y gr anul es, open ci r cl es) , f ol l owed by t he pr epar at i on of a

post - nucl ear super nat ant , anal yt i cal di f f er ent i al cent r i f ugat i on,

SDS- PAGE, f l uor ogr aphy, quant i t at i on of r adi oact i ve SgI I i n t he

pel l et , and cal cul at i on of t he i ndi vi dual val ues and const r uct i on of

t he t wo sedi t er ms as descr i bed i n Mat er i al s and Met hods . The aver -

age sedi ment at i on coef f i ci ent was cal cul at ed by l i near r egr essi on

anal ysi s and f ound t o be 385 t 19 S f or i mmat ur e secr et or y gr an-

ul es and 1340 t 73 S f or mat ur e secr et or y gr anul es. The er r or s

i n t he s- val ues wer e det er mi ned f r om t he st andar d er r or obt ai ned

f r om t he l i near r egr essi on anal ysi s .

homogenous popul at i on of par t i cl es ( Fi g . 4) . However , t hei r

s- val ue ( 1340 t 73S) was 3. 48- f ol d gr eat er t han t hat of t he

i mmat ur e secr et or y gr anul es . Thi s i ncr ease i n sedi ment at i on

r at e cannot be expl ai ned by a di f f er ence i n densi t y bet ween

mat ur e and i mmat ur e secr et or y gr anul es because t he gr eat er

densi t y of mat ur e secr et or y gr anul es i n hyper t oni c sucr ose

gr adi ent s was cal cul at ed t o account f or at most a 1. 26- f ol d

Fi gur e S Regul at ed secr et i on

of SgI I f r om i mmat ur e secr e-

t or y gr anul es . PC12 cel l s wer e

ei t her pul se l abel ed f or 10 mi n

wi t h [ 35S] sul f at e ( t = 0) , or

pul se l abel ed and chased f or

30, 60, 240, or 480 mi n . At

each t i me poi nt , t he cel l s wer e

t hen i ncubat ed f or 15 mi n i n

medi umcont ai ni ng ei t her 5 or

55 mMK+, f ol l owed by i m-

munopr eci pi t at i on of SgI I f r om

t hi s medi um, SDS- PAGE and

f l uor ogr aphy of t he i mmuno-

pr eci pi t at es and quant i t at i on

of t he SgI I band by densi t o-

met r i c scanni ng ( A) . Opt i cal

densi t y val ues ar e expr essed

as ar bi t r ar y uni t s . B shows

f l uor ogr ams of i mmunopr eci pi -

t at es obt ai ned af t er 30 mi n of

chase and i ncubat i on i n ei t her

5 or 55 mMK; medi um. The

ar r ow i ndi cat es SgI I .



i ncr ease i n s- val ue. We t her ef or e concl ude t hat i n PC12 cel l s,

mat ur e secr et or y gr anul es di f f er f r om i mmat ur e secr et or y
gr anul es by an i ncr ease i n si ze.

Regul at ed Exocyt osi s of I mmat ur e ; Secr et or y Gr anul es

A char act er i st i c f eat ur e of secr et or y' gr anul es i s t hei r abi l i t y
t o f use wi t h t he pl asma membr ane and t o r el ease t hei r con-
t ent s i n r esponse t o an appr opr i at e st i mul us ( f or r evi ew see
Bur gess and Kel l y, 1987) . I t was of i nt er est t o det er mi ne i f

i mmat ur e secr et or y gr anul es al so can under go r egul at ed
exocyt osi s . Thi s f usi on pr ocess can be t r i gger ed i n PC12
cel l s by depol ar i zat i on of t he pl asma membr ane wi t h hi gh

( 55 mM) K+ i n t he pr esence of ext r acel l ul ar Cal + ( Schuber t
and Kl i er , 1977) . As shown i n Fi g . 5, af t er a 10- mi n pul se
wi t h [ 35 S] sul f at e f ol l owed by a 30- mi n chase, l abel ed SgI I
was r el eased f r omt he cel l s af t er st i mul at i on wi t h 55 mM

K+ . ( The l engt h of t he st i mul at i on per i od i t sel f [ 15 mi n i n

Fi g . 5] has been i gnor ed because i t has been shown t hat t he

peak of r egul at ed r el ease occur s 2 mi n af t er t he addi t i on of

hi gh K+ medi um[ Lowe et al . , 1988] . ) I n cont r ast , ver y l i t t l e
SgI I was r el eased af t er t r eat ment wi t h l ow( 5 mM) K+ . St i m-

ul at i on of cel l s at t he end of t he pul se r esul t ed i n no si g-

ni f i cant r el ease of l abel ed SgI I . I nt er est i ngl y, t he amount of

l abel ed SgI I r el eased i n r esponse t o st i mul at i on decr eased

af t er 30 mi n of chase ( Fi g . 5 A) . The t i me cour se of t he r egu-

l at ed r el ease of l abel ed SgI I cl ear l y was di st i nct f r omt he ap-

pear ance of l abel ed SgI I i n mat ur e secr et or y gr anul es ( Fi g .

1 G) and suggest ed t hat i mmat ur e secr et or y gr anul es have

t he abi l i t y t o under go r egul at ed exocyt osi s.

Tb obt ai n f ur t her suppor t f or t hi s concl usi on, t he r el ease

of l abel ed SgI I af t er st i mul at i on was i nvest i gat ed usi ng bot h

a shor t er pul se wi t h [ 35 S] sul f at e ( 5 mi n) and a shor t er chase

t i me ( 15 mi n) t han i n t he exper i ment shown i n Fi g . 5. I ndeed,

as shown i n Fi g . 6 A, mor e l abel ed SgI I was r el eased i n r e-

sponse t o st i mul at i on af t er 15 mi n of chase, i . e. , when t he

l abel ed SgI I was ent i r el y i n i mmat ur e secr et or y gr anul es ( cf .

Fi g. 1 A) , t han af t er 60 mi n of chase, i . e . , when t he maj or i t y

of t he l abel ed SgI I was i n mat ur e secr et or y gr anul es ( cf . Fi g .

1 C) . Thi s r el ease was dependent on t he pr esence of Cal +

i n t he medi um ( Fi g. 6 A) .
Thi s exper i ment , i n whi ch SgI I had been anal yzed wi t hout

pr i or i mmunopr eci pi t at i on, al so l ed t o t he unexpect ed ob-

ser vat i on t hat t he hsPG, used as a mar ker f or t he const i t ut i ve

secr et or y pat hway ( Tooze and Hut t ner , 1990) , was r el eased

i nt o t he medi umaf t er i ncubat i on of cel l s i n hi gh K+ . How-

ever , t hi s " st i mul at ed r el ease" of t he hsPG di f f er ed f r omt he

r egul at ed secr et i on of SgI I i n t wo i mpor t ant aspect s . Fi r st ,

i t was i ndependent of ext r acel l ul ar cal ci um ( Fi g . 6 A) . Sec-

ond, i t f ol l owed di f f er ent ki net i cs ; when t he cel l s wer e i n-

cubat ed f or 10 mi n i n hi gh K+ medi umi mmedi at el y af t er

t he pul se, l abel ed hsPGwas f ound i n t he medi um, i n cont r ast

t o l abel ed SgI I ( Fi g . 6 B, r i ght ) . Thi s di d not si mpl y r ef l ect

t he const i t ut i ve secr et i on occur r i ng under r est i ng condi t i ons
because ver y l i t t l e l abel ed hsPG was det ect ed i n t he medi um
af t er a 15- mi n chase i n nor mal medi um, i . e. , i n t he pr esence
of a l ow concent r at i on of K+ ( Fi g . 6 B, l ef t ) . Never t hel ess,
as wi l l be expl ai ned i n t he Di scussi on, al l of t he hsPGwas
r el eased vi a t he const i t ut i ve pat hway of secr et i on .

Rol e of Mi cr ot ubul es i n t he Const i t ut i ve and

Regul at ed Secr et or y Pbt hway

I mmat ur e secr et or y gr anul es, bei ng der i ved f r omt he TGN,

Tooze et al . Mat ur at i on of Secr et or y Gr anul es

Fi gur e 6. Di f f er ent i al ki net i cs and Cal ' r equi r ement f or t he secr e-
t i on of t he hsPG and SgI I . ( A) PC12 cel l s wer e pul se l abel ed f or

5 mi n wi t h [ 35S] sul f at e and chased f or ei t her 15 ( l ef t ) or 60 ( r i ght )

mi n. The cel l s wer e t hen i ncubat ed f or 10 mi n i n medi umcont ai n-
i ng ei t her 5 ( - ) or 55 ( +) mMK+, wi t hout ( - ) or wi t h ( +) 2 . 2
mMCaz+, as i ndi cat ed . Al i quot s of t hi s medi um wer e anal yzed by
SDS- PAGE f ol l owed by f l uor ogr aphy . Al l si x l anes ar e f r om t he
same f l uor ogr am. ( B) PC12 cel l s wer e pul se l abel ed f or 5 mi n wi t h
[ 35 S] sul f at e ( t = 0) , or pul se l abel ed and chased f or ei t her 15 or
30 mi n. Al i quot s of t he l abel i ng medi um ( 0) and t he chase medi a
( 15, 30) wer e anal yzed by SDS- PAGE and f l uor ogr aphy f or 17 days
( l ef t ) . Al t er nat i vel y, at t he end of t he pul se or af t er 30 mi n of chase,
cel l s wer e st i mul at ed ( st i m) by i ncubat i on f or 10 mi n i n medi um
cont ai ni ng 55 mMK+ and 2 . 2 mMCal - , and equi val ent al i quot s

of t hi s medi um wer e anal yzed by SDS- PAGE and f l uor ogr aphy f or
7 days ( r i ght ) . Br acket s mar k t he hsPG, par t of whi ch comi gr at es
wi t h secr et ogr ani n I ( o) . Ar r owheads i ndi cat e SgI I .
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ar e i ni t i al l y l ocat ed i n t he per i nucl ear r egi on of cel l s ( Far qu-

har et al . , 1978 ; Or ci et al . , 1985 ; Tooze and Tooze, 1986) .

Because i mmat ur e secr et or y gr anul es can r el ease t hei r con-

t ent s i nt o t he ext r acel l ul ar medi um, as shown i n Fi g . 5, t hey

The Joumal of Cel l Bi ol ogy, Vol ume 115, 1991

Fi gur e 7. I ndi r ect i mmunof l uor es-
cence of PC12 cel l s t r eat ed wi t h
nocodazol e t o depol ymer i ze t he
mi cr ot ubul e net wor k . PC12 cel l s
wer e t r eat ed f or 30 mi n at 0° C,
and t hen f or 30 mi n at 37 °C ei -
t her wi t h ( A) or wi t hout ( B) 10
AMnocodazol e. The cel l s wer e
ext r act ed, f i xed, and i mmunol a-
bel ed wi t h an ant i t ubul i n ant i body.
Bar , 10 hem.

must be t r ansl ocat ed t o t he pl asma membr ane . We wer e i n-

t er est ed i n det er mi ni ng whet her t hi s t r ansl ocat i on i nvol ves

mi cr ot ubul es . Tb depol ymer i ze t he mi cr ot ubul e net wor k i n

PC12 cel l s, i t was necessar y t o cool t he cel l s t o 4° C f or 30
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Fi gur e 8. Mi cr ot ubul es en-

hance t he abi l i t y of i mmat ur e

secr et or y gr anul es t o under go

r egul at ed secr et i on . PC12 cel l s

wer e t r eat ed wi t hout ( - noc)

or wi t h ( +noc) nocodazol e as

descr i bed i n Fi g. 7. They wer e

t hen pul se l abel ed f or 5 mi n

cn . . c u. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� a 0� . . , .

	

wi t h [ 35S] sul f at e ( t = 0) and

chased f or 5, 20, 35, 65, 95, or

185 mi n, i n al l condi t i ons wi t hout ( - noc) or wi t h ( +noc) 10 AM

nocodazol e. Dur i ng t he l ast 5 mi n of chase, t he cel l s wer e i ncubat ed

i n medi um cont ai ni ng 5 mMK+. At each t i me poi nt , t he cel l s

wer e i ncubat ed f or 10 mi n i n medi umcont ai ni ng 55 mMK+ and

2. 2 mMCal l , ei t her wi t hout ( - noc) or wi t h ( +noc) 10 AMnoco-

dazol e . Al i quot s of t hi s medi umwer e anal yzed by SDS- PAGE f ol -

l owed by f l uor ogr aphy and quant i t at i on of t he SgI I band. The mean

of t wo exper i ment s i s shown; f or each exper i ment , dat a have been

expr essed as t he per cent age of t he hi ghest val ue obt ai ned i n t he ab-

sence of nocodazol e. I n t he case of dupl i cat e dat a poi nt s, bar s i ndi -

cat e t he devi at i on of t he i ndi vi dual dat a f r om t he mean .

0

E

2 e

eo

mi n and t hen t r eat t hem f or 30 mi n at 37° Cwi t h nocodazol e .

As shown by i ndi r ect i mmunof l uor escence usi ng ant i t ubul i n

ant i bodi es ( Fi g. 7) , t hi s t r eat ment compl et el y depol ymer i zed

t he mi cr ot ubul e net wor k . The cel l s r ounded up i n t he pr es-

ence of nocodazol e, but r emai ned at t ached t o t he pl ast i c

di sh .

We t hen compar ed t he r egul at ed r el ease of SgI I i n nocoda-

zol e- t r eat ed and cont r ol cel l s . Af t er t he 60- mi n t r eat ment

wi t hout or wi t h nocodazol e, t he cel l s wer e pul se l abel ed wi t h
[ 35S] sul f at e, chased f or var i ous t i mes, and t hen st i mul at ed

wi t h hi gh K+ medi um, al l i n t he absence or pr esence of no-

codazol e ( Fi g. 8) . Up t o 65 mi n of chase, t he amount of l a-

bel ed SgI I r el eased af t er st i mul at i on was si gni f i cant l y hi gher

i n cont r ol t han nocodazol e- t r eat ed cel l s, wher eas si mi l ar

amount s wer e r el eased af t er 95 and 185 mi n of chase. The

f act t hat t he peak of r el ease of l abel ed SgI I was seen af t er

65 mi nof chase, r at her t han 30 mi n as i n Fi g . 5, was pr obabl y

due t o t he col d t r eat ment whi ch was al so per f or med f or con-

t r ol cel l s . Consi der i ng t he shape of t he cont r ol cur ve shown

i n Fi g . 8, we bel i eve t hat t he peak of r el ease of l abel ed SgI I

r ef l ect s, f or t he most par t , r el ease f r om i mmat ur e secr et or y

gr anul es . At any r at e, because t he di f f er ence bet ween cont r ol

and nocodazol e- t r eat ed cel l s was al r eady obser ved af t er 20

mi n of chase, i . e . , at a t i me poi nt when t he l abel ed SgI I was

cl ear l y r el eased f r om i mmat ur e secr et or y gr anul es, our r e-

sul t s suggest t hat t he t r anspor t of i mmat ur e secr et or y gr an-

ul es t o t he pl asma membr ane i s enhanced i n t he pr esence of

an i nt act mi cr ot ubul e net wor k .

These exper i ment s al so pr ovi ded i nf or mat i on as t o whet h-

er t he secr et i on of t he hsPG was af f ect ed by mi cr ot ubul es .

Conf i r mi ng pr evi ous r esul t s ( Tooze and Hut t ner , 1990) , t he

const i t ut i ve secr et i onof t he sul f at e- l abel ed hsPGappr oached

a pl at eau bet ween 30 and 60 mi n of chase ( Fi g . 9 A, dashed

t hi ck l i ne) . Thi s secr et i on was not si gni f i cant l y af f ect ed by

nocodazol e t r eat ment ( Fi g. 9 B, dashed t hi ck l i ne) , as i l l us-

t r at ed by t he compar i son shown i n Fi g . 9 C. When PC12

cel l s wer e subj ect ed t o sequent i al i ncubat i ons f or 5 mi n i n

l ow K+ medi um and t hen f or 10 mi n i n hi gh K+ medi um,

ei t her di r ect l y af t er t he pul se or af t er var i ous t i mes of chase,

t he amount of l abel ed hsPGr el eased upon t hi s t r eat ment was

maxi mal di r ect l y af t er t he pul se and af t er t he f i r st 15 mi n of

Tooze et al . Mat ur at i on of Seer et or y Gr anul es

a
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l abel ed f or 5 mi n wi t h [ s5S] -

sul f at e ( t = 0) or pul se l abel ed

and chased f or 15, 30, and 60

mi n ( const i t ut i ve r el ease) , i n

al l condi t i ons wi t hout ( - noc,

open symbol s) or wi t h ( +noc,

cl osed symbol s) 10 AM noco-

dazol e. At each t i me poi nt , t he

cel l s wer e i ncubat ed f or 5 mi n

i n medi um cont ai ni ng 5 mM
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di um cont ai ni ng 55 mM K+
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and 2. 2 mMCaz+ ( st i mul at ed

r el ease) , ei t her wi t hout ( - noc)

Aor wi t h ( +noc) 10
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,

dazol e. Al i quot s of t he l at t er

medi umas wel l as of t he l abel -

i ng medi umandt he chase me-

di a wer e anal yzed by SDS-

PAGEf ol l owed by f l uor ogr aphy

and quant i t at i on of t he hsPG._ _
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500
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dazol e . To t hese val ues, t he
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zoo ;

	

cr et ed dur i ng t he st i mul at ed
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r el ease f r omcel l s t r eat ed wi t h-
noc
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- ,

	

out ( - noc, A) wi t h wi t h ( +noc,

( sol i d t hi n l i nes and ci r cl es) .

( C- E) A compar i son of t he

hsPGsecr et ed dur i ng t he chase

( const i t ut i ve r el ease) f r om

cel l s t r eat ed ei t her wi t hout

( - noc) or wi t h ( +noc) noco-

dazol e i s shown i n C. Acom-

par i son of t he hsPG secr et ed

dur i ng t he st i mul at ed r el ease

f r om cel l s t r eat ed ei t her wi t h-

out ( - noc) or wi t h ( +noc) no-

codazol e i s shown i n Dand E,

ei t her wi t hout ( D) or wi t h ( E)
t he addi t i on of t he chase val ues shown i n C. For t he 0, 30, and 60
mi n chase t i me poi nt s and t he subsequent 15 mi n st i mul at i on, t he
mean of t wo exper i ment s i s shown; f or t hese dat a poi nt s, bar s i ndi -

cat e t he devi at i on of t he i ndi vi dual dat a f r om t he mean and ar e
onl y shown f or t he val ues obt ai ned af t er i ncubat i on i n t he 55 mM
K+ medi um.
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0 15 B) nocodazol e has been added

a
s

chase, and decr eased t her eaf t er ( Fi g. 9 A, sol i d t hi n l i nes) ,

conf i r mi ng and ext endi ng t he r esul t s shown i n Fi g . 6 A. Thi s

secr et i on was r educed by nocodazol e t r eat ment ( Fi g . 9 B,

sol i d t hi n l i nes) , as i l l ust r at ed by t he compar i sons shown i n

Fi g . 9 D. Thus, as shown i n Fi g . 9 E, t he t ot al amount of

hsPG secr et ed was r educed by t he nocodazol e t r eat ment .



Di scussi on

I mmat ur e Secr et ar y Gr anul esAn Obl i gat or y

I nt er medi at e i n Gr anul e Bi ogenesi s

Our st udy shows t hat t he bi ogenesi s of secr et or y gr anul es i n

PC12 cel l s pr oceeds i n t wo sequent i al st eps, ( a) t he f or ma-

t i on of i mmat ur e secr et or y gr anul es f r omt he TGN, and ( b)

t hei r conver si on t o mat ur e secr et or y gr anul es. Under t he

pr esent condi t i ons, i mmat ur e secr et or y gr anul es wer e f ound

t o be di st i nct f r ommat ur e secr et or y gr anul es i n t er ms of si ze

and densi t y, bei ng smal l er as wel l as l i ght er . I mmat ur e secr e-

t or y gr anul es ar e obl i gat or y pr ecur sor s t o mat ur e secr et or y

gr anul es, r at her t han a subpopul at i on of secr et or y gr anul es,

because vi r t ual l y al l of t he pul se- l abel ed SgI I appear ed i n

t hi s or ganel l e i mmedi at el y af t er exi t f r omt he TGN, and sub-

sequent l y was f ound i n mat ur e secr et or y gr anul es . The hal f -

l i f e of i mmat ur e secr et or y gr anul es, as def i ned by pul se-

l abel ed SgI I , was f ound t o be =45 mi n ; t hi s i s r el at i vel y shor t

compar ed t o t hat of mat ur e secr et or y gr anul es whi ch, i gnor -

i ng cel l di vi si on and i n t he absence of cel l st i mul at i on, can

exceed one day .

The i nt er medi at e nat ur e of t he i mmat ur e gr anul es, t hei r

smal l er si ze and t hei r shor t hal f - l i f e r epor t ed her e f or PC12

cel l s conf i r m pr evi ous obser vat i ons i n mammot r ophs of t he

ant er i or pi t ui t ar y usi ng pul se- chase EM aut or adi ogr aphy

( Sal pet er and Far quhar , 1981) . I n t hi s syst em, t he [ 3H] l eu-

ci ne l abel i ncor por at ed i nt o secr et or y pr ot ei ns was, af t er exi t

f r omt he TGN, f i r st f ound i n secr et or y gr anul es char act er -

i zed by a di amet er r angi ng f r om 100 t o 200 r un, and =1 h

af t er war ds i n secr et or y gr anul es char act er i zed by a di amet er

r angi ng f r om 600- 900 nm( Sal pet er and Far quhar , 1981) .

Thus, ki net i c st udi es have shown t hat i n t wo di st i nct endo-

cr i ne cel l t ypes, t he mammot r oph and t he chr omaf f i n cel l -

r el at ed PC12 cel l , t he f or mat i on of a secr et or y gr anul e pr o-

ceeds vi a an or ganel l ar i nt er medi at e, t he i mmat ur e secr et or y

gr anul e . I t wi l l be i nt er est i ng t o det er mi ne whet her t hi s i s

t r ue f or most , i f not al l , endocr i ne cel l s .

Secr et ot y Gr anul es I ncr ease i n Si ze

Dur i ng Mat ur at i on

Anal yt i cal , di f f er ent i al cent r i f ugat i on r eveal ed t hat i mmat ur e

and mat ur e secr et or y gr anul es behaved as t wo di st i nct popu-

l at i ons of par t i cl es, each popul at i on bei ng hi ghl y homoge-

neous . Because t he i ncr ease i n t he s- val ue of t he mat ur e

secr et or y gr anul es compar ed t o i mmat ur e secr et or y gr an-

ul es was much gr eat er t han coul d be account ed f or by t he i n-

cr ease i n densi t y, t he conver si on of i mmat ur e t o mat ur e

secr et or y gr anul es al so ent ai l s an i ncr ease i n si ze . These ob-

ser vat i ons ar e consi st ent wi t h our mor phomet r i c dat a, whi ch

i ndi cat ed t he pr esence of a homogeneous popul at i on of

secr et or y gr anul es wi t h an aver age cor e di amet er of 80 r un

i n t he f r act i ons cont ai ni ng t he PSS] sul f at e- l abel ed SgI I

chased f or 15 mi n, and t he pr esence of anot her homogeneous

popul at i on of secr et or y gr anul es wi t h an aver age cor e di am-

et er of 120 nmi n t he f r act i ons cont ai ni ng t he [ 35S] sul f at e-

l abel ed SgI I chased f or 16 h . Al t hough we do not have di r ect

evi dence t hat t he dense- cor ed vesi cl es seen i n t he el ect r on

mi cr oscope act ual l y cont ai ned t he [ ' SS] sul f at e- l abel ed SgI I ,

i t can be deduced t hat t hi s must be t he case, f or t he f ol l owi ng

r easons . Fi r st , dense cor e f or mat i on i s known t o begi n i n t he

TGN( see Far quhar and Pal ade, 1981, f or r evi ew; Or ci et al . ,

1987 ; Tooze et al . , 1987) ; second, [ 35S] sul f at e- l abel ed SgI I
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i s ver y ef f i ci ent l y ( >95%) st or ed i n PC12 cel l s ; t hi r d, SgI I

i s f ound by i mmunoel ect r on mi cr oscopy i n t he dense cor es

of secr et or y gr anul es ( Basset t i et al . , 1991) . Thus, any
[ 31S] sul f at e- l abel ed SgI I t hat has exi t ed f r omt he TGN can

onl y be pr esent i n dense cor ed vesi cl es . I n ot her wor ds, t he

[ ' SS] sul f at e- l abel ed SgI I af t er t he 15- mi n chase must be

pr esent i n some of t he 80 nmsecr et or y gr anul es seen by el ec-

t r on mi cr oscopy i n f r act i ons 6- 8 of t he equi l i br i umgr adi ent ,

and t he [ 33 S] sul f at e- l abel ed SgI I af t er t he 16 h chase must

be pr esent i n some of t he 120 nm secr et or y gr anul es seen

by el ect r on mi cr oscopy i n f r act i ons 9 + 10. I n concl usi on,

bot h t he bi ochemi cal and mor phomet r i c dat a i ndi cat e t hat se-

cr et or y gr anul es i n PC12 cel l s i ncr ease i n si ze dur i ng mat u-

r at i on. Thi s concl usi on i s consi st ent wi t h pr evi ous mor pho-

l ogi cal obser vat i ons on mammot r ophs ( Far quhar et al . , 1978) .

Fusi on of Secr et ar y Gr anul es dur i ng Mat ur at i on

Because an i ncr ease i n vesi cl e si ze i s al ways accompani ed by

an i ncr ease i n t he sur f ace ar ea of t he l i mi t i ng membr ane, a

f usi on event wi t h anot her membr ane vesi cl e must be post u-

l at ed t o expl ai n t he i ncr ease i n secr et or y gr anul e si ze dur i ng

mat ur at i on, unl ess one assumes de novo membr ane synt hesi s

i n i mmat ur e secr et or y gr anul es . Sever al pr evi ous mor pho-

l ogi cal obser vat i ons ar e consi st ent wi t h t he not i on t hat i n

PC12 cel l s, i mmat ur e secr et or y gr anul es f use wi t h each

ot her t o f or m l ar ger , mat ur e secr et or y gr anul es . These i n-

cl ude ( a) t he pr esence of membr ane- encl osed st r uct ur es con-

t ai ni ng mul t i pl e dense cor es wi t h a di amet er t ypi cal of t he

dense cor e of i mmat ur e secr et or y gr anul es ( Far quhar et al . ,

1978 ; Tooze and Tooze, 1986 ; Tooze and Hut t ner , 1990) ,

and ( b) t he pr esence of mat ur e secr et or y gr anul es cont ai n-

i ng bot h gr owt h hor mone and pr ol act i n i n whi ch t hese t wo

hor mones ar e not si gni f i cant l y i nt er mi xed ( Fumagal l i and

Zani ni , 1985) . Fusi on of i mmat ur e secr et or y gr anul es wi t h

each ot her has al so been di scussed as one mechani smt o ex-

pl ai n t he di f f er ence i n si ze of secr et or y gr anul es of mast cel l s

as measur ed by pat ch cl amp t echni ques ( de Tol edo and Fer -

nandez, 1990) .

Addi t i onal wor k wi l l be r equi r ed t o f i r ml y est abl i sh t hat

i n PC12 cel l s i mmat ur e secr et or y gr anul es f use wi t h each

ot her dur i ng t hei r mat ur at i on, and t o det er mi ne how many

i mmat ur e secr et or y gr anul es f use t o f or mone mat ur e secr e-

t or y gr anul e. I t i s, however , i nt er est i ng t o not e t hat t he di f f er -

ences bet ween i mmat ur e and mat ur e secr et or y gr anul es i n

cor e di amet er and s- val ue ( af t er cor r ect i on f or t he maxi mal

possi bl e cont r i but i on of densi t y t o t he di f f er ent s- val ues)

woul d be consi st ent wi t h t he f usi on of 4 f 1 i mmat ur e secr e-

t or y gr anul es wi t h each ot her .

I mmat ur e Secr et ar y Gr anul es Can Fuse wi t h t he

Pl asma Membr ane af t er St i mul at i on

An unexpect ed f i ndi ng was t hat i mmat ur e secr et or y gr an-

ul es, i n addi t i on t o under goi ng f usi on i n t he cour se of t hei r

mat ur at i on i n r est i ng PC12 cel l s, ar e capabl e of under goi ng

r egul at ed exocyt osi s at t he pl asma membr ane. Af t er a sul f at e

pul se and a 15- mi n chase, at whi ch t i me l abel ed SgI I was

pr esent onl y i n i mmat ur e secr et or y gr anul es, l abel ed SgI I

was r el eased i n r esponse t o cel l st i mul at i on . Thi s r el ease

f ul f i l l ed t he cr i t er i a of r egul at ed exocyt osi s i n t hat i t was de-

pendent on ext r acel l ul ar cal ci um. The f act t hat i mmat ur e

secr et or y gr anul es, i n cont r ast t o const i t ut i ve secr et or y vesi -

cl es, can under go r egul at ed exocyt osi s i mpl i es di f f er ent i al
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exi t f r om t he TGN of t he membr ane pr ot ei ns i nvol ved i n

r egul at ed and const i t ut i ve exocyt osi s .

We obser ved t hat t he amount of [ ' SS] sul f at e- l abel ed SgI I

r el eased i n r esponse t o st i mul at i on f r omi mmat ur e secr et or y

gr anul es ( 15 and 30 mi n of chase) was gr eat er t han t hat

r el eased f r ommat ur e secr et or y gr anul es ( 60 mi n chase and

t her eaf t er ) . Because t her e was no si gni f i cant degr adat i on of

[ 3I S] sul f at e- l abel ed SgI I dur i ng t he f i r st f ew hour s of chase,

and assumi ng t hat t he cel l s wer e i n st eady st at e, i . e . , t hat t he
t ot al number of SgI I mol ecul es r el eased upon st i mul at i on
was t he same i r r espect i ve of t he t i me of chase, t he decr ease

i n t he amount of [ ' I S] sul f at e- l abel ed SgI I wi t h t i me r ef l ect s

a decr ease i n t he speci f i c act i vi t y of [ ' SS] sul f at e- l abel ed

SgI I r el eased upon st i mul at i on. One, t hough not t he onl y

possi bl e, expl anat i on f or such a decr ease i n speci f i c act i vi t y

coul d be t he pr ef er ent i al exocyt osi s of i mmat ur e secr et or y

gr anul es upon st i mul at i on . I t has pr evi ousl y been document ed

t hat t he newl y synt hesi zed f or m of cer t ai n hor mones, e. g. ,

i nsul i n, appear s t o under go exocyt osi s i n pr ef er ence t o t he

st or ed f or mof hor mones ( see Rhodes and Hal ban, 1987, and

r ef er ences t her ei n) . I t wi l l be i nt er est i ng t o det er mi ne whet h-

er t he subcel l ul ar basi s f or t hi s phenomenon i s t he pr ef er en-

t i al exocyt osi s of i mmat ur e secr et or y gr anul es .

The obser vat i ons t hat i mmat ur e secr et or y gr anul es under -

go f usi on i n t he cour se of t hei r mat ur at i on and can al so f use

wi t h t he pl asma membr ane have i mpl i cat i ons wi t h r espect

t o t he mol ecul ar machi ner y r egul at i ng vesi cul ar t r af f i c .

GTPases have r ecent l y been shown t o be par t of t hi s ma-

chi ner y, bei ng i nvol ved i n t he f usi on of vesi cl es wi t h t hei r

appr opr i at e t ar get membr ane ( f or r evi ew see Bour ne et al . ,

1990) as wel l as i n t he buddi ng of vesi cl es f r omdonor com-

par t ment s ( Tooze et al . , 1990) . Thus, i mmat ur e secr et or y

gr anul es can be expect ed t o car r y, or bi nd, at l east t wo di st i nct

GTPases, i nvol ved i n t he r ecogni t i on event pr ecedi ng ( a) t he

put at i ve i mmat ur e secr et or y gr anul e- i mmat ur e secr et or y

gr anul e f usi on, and ( b) t he i mmat ur e secr et or y gr anul e-

pl asma membr ane f usi on.

I mmat ur e Secr t or y Gr anul es Ar e Tr anspor t ed
Al ong Mi cr ot ubul es

Depol ymer i zat i on of mi cr ot ubul es wi t h nocodazol e r educed

by =50% t he amount of l abel ed SgI I r el eased i n r esponse

t o st i mul at i on dur i ng t he f i r st 65 mi n of chase, i . e. , when

SgI I was pr edomi nant l y r el eased f r omi mmat ur e secr et or y

gr anul es . Al t hough one cannot excl ude an i nvol vement of

mi cr ot ubul es i n t he buddi ng of i mmat ur e secr et or y gr anul es

f r omt he TGN, a l i kel y expl anat i on of our r esul t s i s t hat i m-

mat ur e secr et or y gr anul es r equi r e an i nt act mi cr ot ubul e net -

wor k f or ef f i ci ent t r ansl ocat i on t o t he pl asma membr ane .

The obser vat i on t hat some t r ansl ocat i on t o t he si t e of r el ease

occur r ed even i n t he absence of a mi cr ot ubul e net wor k may

be at t r i but ed t o i mmat ur e secr et or y gr anul es movi ng by

di f f usi on ; t he di st ance bet ween t he TGN and t he si t e of exo-

cyt osi s i n PC12 cel l s i s r el at i vel y shor t compar ed t o, f or ex-

ampl e, neur ons . Thi s shor t di st ance pr obabl y al so expl ai ns

why af t er 95 and 185 mi n of chase, t he amount of l abel ed

SgI I r el eased i n r esponse t o st i mul at i on was unaf f ect ed by

mi cr ot ubul e depol ymer i zat i on ; af t er t hi s t i me, secr et or y

gr anul es pr esumabl y had ar r i ved at t he pl asma membr ane

i ndependent of an i nt act mi cr ot ubul e net wor k .

Mi cr ot ubul es have been shown t o be i nvol ved i n t he t r ans-

por t of secr et or y gr anul es t o t he pl asma membr ane i n endo-

Tooze et al . Mat ur at i on of Secr et or y Gr anul es

cr i ne ( Boyd et al . , 1982) and neur onal ( Tooze and Bur ke,

1987; Kr ei s et al . , 1989 ; Tooze et al . , 1989) cel l s . None of

t hese st udi es, however , addr essed t he quest i on whet her i m-

mat ur e secr et or y gr anul es can be t r ansl ocat ed al ong mi cr o-
t ubul es or whet her t hey f i r st have t o under go mat ur at i on .

Our f i ndi ngs, whi ch suggest t hat i mmat ur e secr et or y gr anul es

ar e t r ansl ocat ed al ong mi cr ot ubul es, i mpl y t hat t he mem-

br ane pr ot ei n( s) i nvol ved i n t hi s movement exi t f r om t he
TGN wi t h i mmat ur e secr et or y gr anul es .

The Rol e of Mi cr ot ubul es i n t he Const i t ut i ve
Pat hway of Secr et i on

I n st udyi ng t he possi bl e i nvol vement of mi cr ot ubul es i n t he

movement of const i t ut i ve secr et or y vesi cl es, we obt ai ned t he

unexpect ed r esul t t hat t he r el ease of t he hsPG occur r ed not

onl y spont aneousl y but coul d al so be st i mul at ed by hi gh

K+ . Sal t on et al . ( 1983) pr evi ousl y concl uded t hat t he hsPG

f ound i n t he medi um af t er st i mul at i on of PC12 cel l s wi t h

hi gh K+ r ef l ect ed r el ease f r om secr et or y gr anul es . How-

ever , we bel i eve t hat t hi s st i mul at ed r el ease of t he hsPGdoes

not r ef l ect secr et i on vi a t he r egul at ed pat hway, f or t he f ol l ow-

i ng r easons . Fi r st , most , i f not al l , of t he hsPG l ef t t he TGN

i n vesi cl es di st i nct f r om t hose cont ai ni ng SgI I ( see al so

Tooze and Hut t ner , 1990) and, i n cont r ast t o SgI I , was

r el eased f r om t he cel l s i nt o t he medi um dur i ng t he chase
wi t hout st i mul at i on . Second, t he ki net i cs of r esponsi veness

t o st i mul at ed r el ease wer e di st i nct f or t he hsPGand SgI I , t he

f or mer bei ng r esponsi ve al r eady at t he end of t he sul f at e

pul se. Thi r d, t he r el ease of t he hsPG af t er st i mul at i on was

cal ci um i ndependent . We t her ef or e bel i eve t hat t he st i mu-

l at ed r el ease of t he hsPGwas due t o an enhanced r el ease vi a

t he const i t ut i ve secr et or y pat hway, a concl usi on consi st ent

wi t h t he f ol l owi ng obser vat i ons . Fi r st , onl y one popul at i on

of hsPG- cont ai ni ng post TGNvesi cl es was obser ved by equi -

l i br i um densi t y gr adi ent cent r i f ugat i on ( see al so Tooze and

Hut t ner , 1990) . Second, t he component of t he hsPG t hat

coul d be r el eased by st i mul at i on decr eased concomi t ant l y

wi t h t he spont aneous, nonst i mul at ed r el ease, i ndi cat i ng t hat

bot h t he spont aneousl y r el eased hsPGand t he hsPGr el eased

af t er st i mul at i on wer e der i ved f r om t he same i nt r acel l ul ar

pool . These r esul t s ar e al so consi st ent wi t h t he pr evi ous r e-

por t by Gowda et al . ( 1989) t hat PC12 cel l s cont ai n onl y one

t ype of hsPG.

Depol ymer i zat i on of mi cr ot ubul es r educed t he amount of

t he hsPG r el eased i n r esponse t o hi gh K+, but not t hat r e-

l eased spont aneousl y. How can t hi s obser vat i on be i nt er -

pr et ed and r econci l ed wi t h t he above concl usi on t hat t he

spont aneousl y r el eased hsPG and t he hsPG r el eased af t er

st i mul at i on wer e der i ved f r omt he same i nt r acel l ul ar pool ?

I n t he TGN, t he hsPG i s t i ght l y bound t o t he membr ane

( Chanat and Hut t ner , 1991) ; t hi s membr ane- bound hsPG

needs t o be conver t ed t o a sol ubl e f or mt o be r el eased i nt o

t he medi um. Because t he ar r i val of sul f at e- l abel ed hsPG at

t he cel l sur f ace ( t i / 2 =15 mi n ; Pi mpl i kar , S. and Hut t ner ,

W. B. , unpubl i shed dat a) i s f ast er t han i t s appear ance i n t he

medi um( t , 2 >20 mi n ; Fi g. 1 i n Tooze and Hut mer , 1990) ,

at l east par t of t hi s conver si on occur s af t er ar r i val at t he cel l

sur f ace . Thus, t he si mpl est answer t o t he above quest i on

woul d be t hat t he hi gh K+ di r ect l y st i mul at es t hi s conver -

si on . I n l ow K+ medi um, i n t he absence as wel l as pr esence

of mi cr ot ubul es, t he conver si on of t he hsPG t o t he sol ubl e

f or m, r at her t han i t s t r anspor t f r omt he TGN t o t he pl asma
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membr ane, woul dbe t he r at e- l i mi t i ng st ep f or i t s r el ease i nt o

t he medi um, maski ng a possi bl e i nvol vement of mi cr ot u-

bul es i n t he t r ansl ocat i on of const i t ut i ve secr et or y vesi cl es.

I n hi gh K+ medi um, t he r at e- l i mi t i ng st ep woul d no l onger

be t he conver si on of t he hsPG t o t he sol ubl e f or mbut i t s

t r anspor t f r omt he TGNt o t he pl asma membr ane, r eveal i ng

t he i nvol vement of mi cr ot ubul es i n t he t r ansl ocat i on of con-

st i t ut i ve secr et or y vesi cl es. Consi der i ng t he di st ances t hat

pr ot ei ns del i ver ed i n const i t ut i ve secr et or y vesi cl es must

t r avel , f or exampl e i n neur ons f r omt he per i kar yon t o t he

pr esynapt i c membr ane, such a t r ansl ocat i on mi ght be essen-

t i al f or mai nt ai ni ng cel l ul ar f unct i on .

I n cont r ast t o Ri vas and Moor e ( 1989) , but i n agr eement

wi t h ot her i nvest i gat or s ( Ar nhei t er et al . , 1984 ; Mat suuchi

et al . , 1988) , we concl ude t hat not onl y secr et or y gr anul es,

but al so const i t ut i ve secr et or y vesi cl es ar e t r ansl ocat ed

al ong mi cr ot ubul es . Thi s r ai ses t he possi bi l i t y t hat , i n con-

t r ast t o membr ane pr ot ei ns i nvol ved i n vesi cl e f usi on, mem-

br ane pr ot ei ns i nvol ved i n t he i nt er act i on of post TGNvesi -

cl es wi t h mi cr ot ubul es may not be sor t ed upon exi t f r omt he

TGN. I t i s uncl ear whet her or not t he r at es of t r anspor t f r om

t he TGNt o t he pl asma membr ane ar e di f f er ent f or const i t u-

t i ve secr et or y vesi cl es and i mmat ur e secr et or y gr anul es . The

hsPGwas r el eased by i ncubat i ng PC12 cel l s i mmedi at el y af -

t er t he sul f at e pul se f or 5 mi n i n l ow K+ medi um f ol l owed

by 10 mi n i n hi gh K+ medi um, dur i ng whi ch t i me t he con-

st i t ut i ve secr et or y vesi cl es wer e t r anspor t ed t o, and spont a-

neousl y f used wi t h, t he pl asma membr ane . I n cont r ast , SgI l

was not si gni f i cant l y r el eased under t hese condi t i ons, pr oba-

bl y because r el ease onl y occur s dur i ng t he f i r st 2- 3 mi n of

i ncubat i on i n hi gh K+ medi um ( Love et al . , 1988) , at

whi ch t i me l abel ed i mmat ur e secr et or y gr anul es had not yet

ar r i ved at t he pl asma membr ane. Thus, t he di f f er ences i n t he

ki net i cs of r el ease bet ween t he hsPG and SgI I do not ac-

cur at el y r ef l ect t he di f f er ences, i f any, i n t he t r anspor t of con-

st i t ut i ve secr et or y vesi cl es and i mmat ur e secr et or y gr anul es

t o, and t hei r f usi on wi t h, t he pl asma membr ane . Thi s i ssue

coul d be i nvest i gat ed usi ng i n vi t r o pol ymer i zed mi cr ot u-

bul es as t r acks f or const i t ut i ve secr et or y vesi cl es and i mma-

t ur e secr et or y gr anul es as def i ned i n our pr evi ous ( Tooze and

Hut t ner , 1990) and pr esent st udi es .
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