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S u m m a r y 
Freeze cleaving e lect ron microscopy has shown t h a t fusion of isolated secre

to ry vesicles from bovine neu rohypophyses was induced by Ca2+ in micromolar 
concen t ra t ions . Mg2 + and Sr2+ were ineffective. Mg2+ inhibi ted Ca2 +- induced 
fusion. 

In suspensions conta in ing secretory vesicles as well as sheets of cell mem
brane , release of vasopressin parallel t o intervesicular fusion and fusion of secre
to ry vesicles wi th sheets of cell membrane was observed after exposure t o Ca2 + . 
Mg2+ and Sr2+ were ineffective in replacing Ca2+ as trigger for fusion or vaso
pressin release. 

Intervesicular fusion and exocy to t i c profiles were observed when isolated 
neu rohypophyses or neurosecre tosomes were exposed to cold. 

I n t roduc t ion 
I t is well established t h a t the passage of .Ca 2 + across the cell m e m b r a n e is a 

critical s tep in st imulus-secretion coupl ing in the neu rohypophys i s [ 1 , 2 , 3 ] . 
Al though Ca2+ influx is apparent ly t o o small t o be reliably quan t i t a t ed [ 4 ] , 
exper iments wi th Ca2+ t r anspor t inhibi tors [2] bear o u t this con ten t ion . Also, 
t r ea tmen t of isolated neu rohypophyses wi th ionophores , which increase intra
cellular, free Ca2+ concen t ra t ion by increasing t r ansmembrane t ranspor t , can 
induce secret ion [ 5 , 6 ] . Both u l t ras t ructura l [7] and biochemical [8 ,9 ] studies 
suggest t h a t secret ion in the n e u r o h y p o p h y s i s as in various o the r endocr ine 
systems [ 1 0 ] , occurs by exocytos is . However, the events t h a t are triggered by 
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Ca2+ leading t o exocytos i s are n o t resolved. 

Fusion of neurosecre to ry vesicles with t he cell m e m b r a n e in s t imula ted cells 
is well d o c u m e n t e d in th in sect ion [7 ] and freeze cleaving electron microscopy 
[ 1 1 , 1 2 , 1 3 ] . Using the la t ter t echn ique , intervesicular fusion of isolated secre
tory vesicles from t h e islets of Langerhans [ 1 4 ] , liver [15 ] and adrenal medul la 
[16] was demons t r a t ed when Ca2+ in mic romola r concent ra t ions was added. 
Intervesicular fusion was also observed in t r ace l lu l a r^ in s t imulated pancreat ic 
B-cells [ 1 7 ] , and o the r secretory cells [ 18—24] . 

In this s tudy we r e p o r t the fusion of isolated neurosecre tory vesicles with 
each o ther after exposure t o low concen t ra t ions of Ca2 + . In addi t ion we investi
gated the in te rac t ion of neurosecreo t ry vesicles wi th sheets of cell m e m b r a n e as 
well as the release of vasopressin. 

Materials and Methods 

Preparation and cold stimulation of rat neurohypophyses 
Rats were decap i ta ted wi th scissors. T h e neural lobe was dissected o u t under 

a binocular microscope and incuba ted for 15 min in ice-cold Krebs-Henseleit 
solut ion. 

Preparation and cold stimulation of bovine neurosecretosomes 
Neurohypophyses were ob ta ined wi th in 20 min of the dea th of the animals 

from the Copenhagen Public Slaughterhouse and were t ranspor ted within 20 
min a t 23°C to t h e l abora to ry . A fraction enr iched in neurosecre tosomes was 
isolated according t o the m e t h o d described by Bindler et al. [25] wi th a few 
modif icat ions: t h e neural lobes were freed of connect ive tissue as well as 
adheren t in te rmedia te lobe tissue and minced in a med ium containing sucrose 
(250 mM) , and N-Tris (hydroxymethy l )methy l -2 -aminoe thanesu l fon ic acid 
(20 m M ) , pH 7 .3 . T h e mince was homogen ized in a Po t t e r Elvehjem type 
homogenizer using a tef lon pestle (clearance 0 .279 m m ) which was modified as 
described previously [ 2 5 ] . This homogen iza t ion involved 6 up and d o w n 
strokes a t 1000 rev. /min using a Technidr ive English Electric DC m o t o r . The 
homogena te was centr ifuged a t 7 0 0 X g for 10 min in an MSE high speed centri
fuge. T h e supe rna tan t was recovered using a Pasteur p ipe t t e and s tored. The 
pellet was suspended in 2 ml homogen iza t ion m e d i u m , rehomogenized using 
a pestle with a clearance of 0 .102 m m (4 s t rokes , 1000 rev. /min) and centri
fuged again a t 700 Xg for 10 min . The supe rna tan t was collected, poo led with 
the initial supe rna tan t and centrifuged a t 1 7 0 0 Xg for 15 min . The pel let con
ta ined t h e neurosecre tosome enr iched fract ion. The superna tan t was discarded. 
During the homogen iza t ion steps t he t u b e was sur rounded by ice. All t h e cen-
trifugation p rocedures were carried o u t a t r o o m t empera tu re to r educe cold-
induced release of vasopressin [26—28] . 

The neurosecre tosome pellet was suspended in a small vo lume (0 .5 ml /2 
neurohypophys i s , 15—20 mg pro te in /ml ) of incuba t ion medium (NaCl 126 
mM/KCl 4.8 mM/CaCl 2 2 .8 m M / M g S 0 4 1.3 mM/AT-2-hydroxyethyl piperazine-
iV'-2-ethane sulphonic acid (HEPES) 26 mM (pH 7 .0) /dext rose 10 m M ) . 10 jul 
a l iquots of this suspension were transferred t o an Eppendorf f Microfuge tube 
(1 .5 ml capaci ty) and cooled in crushed ice for 15 min . 
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Preparation of isolated bovine neurosecretory vesicles 
T h e p r o c e d u r e for t he isolat ion of a crude secretory vesicle fraction (frac

t ion 3) and purified vesicle fraction (fraction D) has been described previously 
[ 2 9 ] . In t h e p resen t exper imen t s , however , 10 mM sodium cacodyla te was used 
instead of 20 mM T E S to buffer all solut ions during the isolation of neuro
hypophys i a l fract ions. T o mainta in low Ca2+ concen t ra t ions , 5 mM ethylene-
g l y c o l ^ ^ 2-aminoethyl) - te t raacet ic acid (EGTA) was added to all solut ions . T h e 
fract ions ob ta ined were dialyzed against 10 mM cacodyla te buffer (pH 7.0) 
conta in ing 2 5 0 mM sucrose and 1 mM EGTA (CSE m e d i u m ) . The dialyzed 
fract ion was centr ifuged a t 2 6 0 0 Xg for 15 min in a Beckman L2-65K ultra-
centrifuge using a 6 5 ro to r . The pellet was suspended in CSE m e d i u m , t o give 
a p ro te in concen t r a t ion of approx imate ly 20 mg/ml . 
Incubation of isolated neurosecretory vesicles with media of different cation 
concentrations 

CSE-medium conta in ing various concen t ra t ions of Ca2+ ranging from 10~8 t o 
1 0 " 3 M was prepared as described by Por tzehl e t al. [ 3 0 ] . Mg2+- and Sr2 +-con-
taining so lu t ions were prepared from s tock solut ions m a d e in CSE med ium. T o 
s tar t t h e reac t ion 10 JJLI a l iquots of fraction 3 or fraction D was added to 10 jul 
CSE-medium conta in ing the cat ions unde r s tudy . Incuba t ion (at 37°C) was 
carried o u t for 5 min and then s topped by the addi t ion of 1.5 ml ice-cold 
m e d i u m of the same ca t ion concen t ra t ion used dur ing incubat ion . The to ta l 
c o n t e n t of t he incuba t ion t u b e was filtered th rough a mill ipore filter (pore size 
0.22 jum). T h e filtrate was assayed for vasopressin released. The a m o u n t so 
de te rmined was compared wi th t h e to ta l a m o u n t of vasopressin, in t h e original 
fraction after ex t rac t ion wi th 0 .25% acetic acid in 0.9% NaCl [ 3 1 ] . 

When incuba t ing vesicle fractions for u l t ras t ruc tura l s tudies the incuba t ion 
p rocedure was ident ical . The react ion was s topped by the addi t ion of t he same 
solut ion used in t h e expe r imen t conta ining, as a fixative, 2% glutara ldehyde in 
place of an equal a m o u n t of sucrose. The result ing mix tu re was incuba ted for 
5 min a t 37°C. T h e n for c ryopro tec t ion 10 jul glycerol was added. After 10 
min a t room t empera tu re small drople ts ( = 0 . 5 /-tl) of the suspension were 
frozen on golden specimen holders in F reon 22 cooled by liquid ni t rogen. 

Radioimmunoassay of vasopressin and neurophysin 
Antisera raised against synthe t ic arginine vasopressin (Sandoz, Basel, Switzer

land) was kindly dona t ed by Mr. J . Dencker (Roya l Pharmaceut ica l High 
School , Copenhagen) . Arginine vasopressin was iodinated with 125I by the 
chloramine T t echn ique [32 ] and the labelled h o r m o n e was purified on DEAE 
Sephadex-A 2 5 . The assay mix tu re con ta ined 100 jul 125I-labelled arginine vaso
pressin (2000 c p m ) , 200 fil sample or s tandard and 3 0 0 [il ant iserum in assay 
buffer (final d i lu t ion in assay t u b e 1 : 1 0 0 0 0 0 ) . T h e assay buffer consisted of 
0.1 M sodium phospha t e (pH 7.4) conta in ing bovine serum albumin 1.8 mg/ml . 
T h e usual incuba t ion t ime was 24 h. T h e an t i body -bound arginine vasopressin 
was separated by e thanol precipi ta t ion (67% v/v final) and centr ifugation. Pre
cipitates were c o u n t e d in a Selectronic (Copenhagen) 7 - spec t rometer . All pro
cedures were carried ou t a t r o o m tempera tu re . T h e s tandard curves, appropri
a te blanks and samples were assayed in dupl ica te . T h e syn the t ic arginine vaso-
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pressin used for iodinat ion and as s tandards was a generous gift by Fer r ing AB 
(Malmö, Sweden) , (ant id iure t ic activity 3 4 5 I .U. /mg). T h e rou t ine sensitivity of 
the assay was be tween 25 and 50 juU/ml (72—144 pg/ml) . The cross react ivi ty 
of the ant iserum wi th oxy toc in was 1/300 of t h a t wi th arginine vasopressin. 
Radio immunoassay of neurophys in was per formed as described previously 
[ 3 3 ] . Protein was assayed by the m e t h o d of Lowry et al. [34 ] with crystal l ine 
bovine serum a lbumin as a s tandard . 
Freeze fracturing 

Freeze fracturing and repl icat ion were per formed in a Balzers B A F 300 
device at —100°C. Replicas were cleaned in sodium hypoch lor i t e so lu t ion and 
washed in distilled H 2 0 . T h e y were picked u p by Formvar- and carbon-coa ted 
1 hole grids and examined in an electron microscope (Siemens Elmiskop 101) 
a t 100 kV. All pho tographs were pr in ted as positives (p la t inum depos i t ions : 
black). The di rect ion of shadowing is indicated by an encircled a r rowhead . 
Frac ture faces are deno t ed according t o t he nomenc la tu re in t roduced recent ly 
[ 3 5 ] . 

Resul ts 

Exocytosis in cold-stimulated isolated neurohypophyses and neurosecreto
somes 

Neurhypophyses are known t o release h o r m o n e s via exocytosis . Th is process 
is init iated physiologically by depolar iza t ion of the cell m e m b r a n e . In tense 

F i g . 1 . F r e e z e - f r a c t u r e r e p l i c a s h o w i n g a n e r v e e n d i n g i n t h e n e u r o h y p o p h y s i s o f a rat . T h e i s o l a t e d n e u r o 
h y p o p h y s i s w a s e x p o s e d t o c o l d (2°C) f o r 1 5 m i n . T h e a r r o w p o i n t s t o a n e x o c y t o t i c o r i f i c e . T h e large 
area o f t h e e x p o s e d v e s i c l e m e m b r a n e i n d i c a t e s c o m p o u n d e x o c y t o s i s . F u s e d v e s i c l e s n o t i n o b v i o u s c o n 
t a c t w i t h t h e p l a s m a m e m b r a n e c a n a l s o b e o b s e r v e d ( d o u b l e a r r o w s ) . E , E n d o t h e l i a l c e l l . M a g n i f i c a t i o n 
X 6 0 0 0 0 , s c a l e 0 . 2 Mm. 
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F i g . 2 . E l e c t r o n m i c r o g r a p h o f a f r e e z e - f r a c t u r e d p r e p a r a t i o n o f n e r v e e n d i n g s f r o m b o v i n e n e u r o h y p o 
p h y s e s ( n e u r o s e c r e t o s o m e s ) e x p o s e d t o c o l d (2°C) for 1 5 m i n . T h e f r a c t u r e h a s e x p o s e d a large area o f 
t h e p l a s m a m e m b r a n e P - f a c e . T h e p r e s e n c e o f s evera l h o l e s i n d i c a t e s e x o c y t o t i c a c t i v i t y . M a g n i f i c a t i o n 
X 4 0 0 0 0 , s c a l e 0 . 5 jum. 

release of neu rohypophysea l ho r mone s also occurs on exposure of t h e neural 
lobe or isolated neurosecre tosomes t o cold [26—28] . In t he present experi
m e n t s depolar iza t ion of isolated ra t neu rohypophyses by K+ (56 mM) or cooling 
to 0°C resul ted in the appearance of exocy to t i c profiles in freeze-fractured 
neu rohypophyses . Exocytos is is character ized by fusion of secretory vesicles 
with the cell membrane . In addi t ion , fusion of secretory vesicles with o the r 
vesicles undergoing exocytos is was observed, as well as fusion of secretory 
vesicles wi th each o ther , where n o connec t ion be tween vesicles and cell mem
brane was evident . T h e coincidence of vesicle-cell m e m b r a n e fusion and inter
vesicular fusion is called " c o m p o u n d exocy tos i s " . This p h e n o m e n o n is shown 
for a cold-s t imulated ra t neu rohypophys i s in Fig. 1. 

In t he n e u r o h y p o p h y s e s h o r m o n e s are released from nerve endings of h y p o 
thalamic cells. These terminals of the neurosecre tory cells can be isolated and 
are called " n e u r o s e c r e t o s o m e s " [ 2 5 ] . Like t he in tac t cells, neurosecre tosomes 
respond t o cold with release of ho rmones [ 2 8 ] . We have found m e m b r a n e alter
at ions typica l for exocytosis ( " n e c k s " and "ho le s " ) in t h e cell m e m b r a n e of 
neurosecre tosomes after exposure to high K+ (56 mM) or cold (Fig. 2) . 

S t imula t ion of neurosecre tosomes also results in intervesicular fusion of 
secretory vesicles as shown in a crossfractured neurosec re tosome (Fig. 3) . 
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Membrane fusion of neurosecretory vesicles 
Secre tory vesicles, isolated as described in Methods by differential and 

sucrose densi ty centr i fugat ion were found t o be dispersed in buffered so lu t ions 
conta in ing EGTA. This is shown in a freeze fractured vesicle suspension in 
Fig. 4 . T h e presence of divalent cat ions (Ca2 + , Mg2 + , Sr2 +) in the incuba t ion 
m e d i u m resulted in t he format ion of vesicle clusters. Aggregation of m e m b r a n e 
associated particles was observed in the areas of m e m b r a n e con tac t (Fig. 5) . 
F u r t h e r m o r e , Ca2 + , b u t n o t Mg2 + or Sr2 + , induced the format ion of tw inned 
vesicles. These s t ructures represent fused vesicles since t h e cleavage plane was 
con t i nuous from one to the o the r vesicle b o t h in m e m b r a n e P- and E-faces. T h e 
t rans i t ion area from one t o the o ther vesicle may or m a y n o t exhibi t aggregates 
of m e m b r a n e associated particles (Fig. 6 a—d). 

T h e percentage of fused vesicles as a funct ion of the free Ca2"^-concentration 
is shown in Fig. 7. Vesicle fusion increases be tween 10" 7 M Ca2 + and 10~4 M 
Ca2 + and is half maximal a round 10" 6 M Ca2 + . 

Mg2+ and Sr2+ were n o t effective in inducing fusion of isolated secre tory 
vesicles. Mg2+ even inhibi ted the Ca2 + - induced fusion apparent ly in a concen
t r a t ion dependen t manne r (Table I) . 
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F i g . 4 . E l e c t r o n m i c r o g r a p h o f a f r e e z e - f r a c t u r e d s u s p e n s i o n o f i s o l a t e d s e c r e t o r y v e s i c l e s o f t h e n e u r o 
h y p o p h y s i s ( f r a c t i o n D ) i n c u b a t e d i n l o w C a 2 + c o n c e n t r a t i o n ( < 1 0 ~ 8 M ) . T h e v e s i c l e s are d i s p e r s e d i n t h e 
m e d i u m . T h e m e m b r a n e - a s s o c i a t e d p a r t i c l e s are r a n d o m l y d i s t r i b u t e d a n d a d h e r e m o r e t o t h e c o n c a v e 
P - f a c e s t h a n t o t h e c o n v e x E - f a c e s . M a g n i f i c a t i o n X 4 0 0 0 0 , s c a l e 0 . 5 Mm. 

F i g . 5 . F r e e z e - f r a c t u r e d i s o l a t e d s e c r e t o r y v e s i c l e s ( f r a c t i o n D ) i n c u b a t e d w i t h 2 • 1 0 ~ s M C a 2 + . T h e 
v e s i c l e s c o n t a c t e a c h o t h e r f o r m i n g c l u s t e r s . I n areas o f c o n t a c t , a g g r e g a t i o n s o f m e m b r a n e a s s o c i a t e d par
t i c l e s ( a r r o w ) c a n b e o b s e r v e d . M a g n i f i c a t i o n X 8 0 0 0 0 , s c a l e 0 . 2 Mm. 



F i g . 6 , a—d. F r e e z e - f r a c t u r e d i s o l a t e d s e c r e t o r y v e s i c l e s ( f r a c t i o n D ) i n c u b a t e d i n a s o l u t i o n c o n t a i n i n g 
C a 2 + ( 2 • 1 0 ~ 5 M ) . T w i n n e d v e s i c l e s w i t h a c o n t i n u o u s c l e a v a g e p l a n e f r o m o n e t o t h e o t h e r v e s i c l e in 
m e m b r a n e P- (a a n d c ) a n d E - f a c e (b a n d d ) i n d i c a t e v e s i c l e s f u s i o n . A g g r e g a t e s o f m e m b r a n e a s s o c i a t e d 
p a r t i c l e s c a n b e o b s e r v e d ( a r r o w s ) . M a g n i f i c a t i o n X 1 2 0 0 0 0 , s c a l e 0 . 2 pm. 

log Ca 2 + (M) 

F i g . 7 . F u s i o n o f s e c r e t o r y v e s i c l e s ( f r a c t i o n 3 ) a n d r e l e a s e o f v a s o p r e s s i n i n d u c e d b y i n c r e a s i n g c o n c e n t r a 
t i o n s o f C a 2 + . F r a c t i o n 3 w a s i n c u b a t e d in a m e d i u m c o n t a i n i n g 0 . 2 5 M s u c r o s e , 1 0 m M s o d i u m c a c o d y 
l a t e ( p H 7 . 0 ) a n d 1 m M E G T A ( C S E m e d i u m ) . C a 2 + c o n c e n t r a t i o n s w e r e a d j u s t e d as d e s c r i b e d [ 3 0 ] . 
V e s i c l e f u s i o n w a s d e t e r m i n e d b y c o u n t i n g 5 0 0 v e s i c l e s for e a c h i n c u b a t i o n . V a s o p r e s s i n r e l e a s e w a s m e a 
s u r e d b y r a d i o i m m u n o a s s a y a f t e r m i l l i p o r e f i l t r a t i o n o f t h e i n c u b a t e as d e s c r i b e d u n d e r M e t h o d s . T h e 
d a t a for v a s o p r e s s i n re l ease are i d e n t i c a l t o t h e o n e s i n T a b l e II . 
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T A B L E I 
C A T I O N D E P E N D E N C E O F T H E F U S I O N O F V E S I C L E S F R O M F R A C T I O N D 
T h e v a l u e s r e p r e s e n t t w o t y p i c a l s e t s o f e x p e r i m e n t s . T h e e x p e r i m e n t s w e r e e v a l u a t e d b y c o u n t i n g 5 0 0 
v e s i c l e s for e a c h i n c u b a t i o n . 

C a t i o n s P e r c e n t a g e o f f u s e d v e s i c l e s 
C o n t r o l «10~8 M C a 2 + ) 1 . 2 0 . 8 
1 0 ' 4 M C a 2 + 5 . 4 6 . 0 
1 0 - 4 M M g 2 + 1 .6 1 . 0 
1 0 " 4 M S r 2 + 1 . 4 1 . 4 

1 0 " 4 M C a 2 + + 1 0 - 4 M M g 2 + 3 . 8 3 . 6 
1 0 - 4 M C a 2 + + 1 0 " 3 M M g 2 + 2 . 6 2 . 8 

T A B L E II 
V A S O P R E S S I N R E L E A S E D (% O F T O T A L C O N T E N T ) F R O M F R A C T I O N 3 E X P O S E D T O D I F F E R 
E N T C O N C E N T R A T I O N S O F C a 2 + , S r 2 + A N D M g 2 + 

F o r p r o c e d u r e s s e e l e g e n d u n d e r F i g . 7 . V a l u e s are m e a n (± S . E . M . w h e r e n e q u a l s 3 o r m o r e ) . T h e n u m 
b e r o f e x p e r i m e n t s ( n ) is g i v e n in p a r e n t h e s e s . 

P e r c e n t a g e o f v a s o p r e s s i n r e l e a s e d 
C a t i o n s in t h e in- C a 2 + S r 2 + M g 2 
c u b a t i o n m e d i u m 
( M ) 

C o n t r o l 
(<10"« M C a 2 + ) 4 . 2 5 ± 0 . 6 ( 5 ) 
1 0 " 7 4 . 6 0 + 0 . 6 ( 3 ) - -
1 0 - 6 4 . 9 9 + 0 . 7 ( 5 ) 3 . 2 6 ( 2 ) 3 . 8 2 ( 2 ) 
1 0 " 5 6 . 2 4 ± 0 . 9 ( 3 ) 3 . 3 5 ( 2 ) 3 . 2 4 ( 2 ) 
1 0 - 4 7 . 8 9 ± 0 . 8 ( 5 ) 4 . 2 0 + 0 . 8 ( 3 ) 4 . 2 1 + 0 . 7 ( 3 ) 
1 0 " 3 8 . 2 0 + 0 . 3 ( 5 ) 3 . 2 6 ( 2 ) 4 . 3 9 ( 2 ) 

Membrane fusion and release of secretory product in fraction 3 
In conjunct ion wi th the e lec t ronmicroscopic evaluat ion we also followed the 

a m o u n t of h o r m o n e in the vesicles as well as in the incubat ion med ium. Frac
t ion D, used mainly for the electron microscope studies described above, was 
a prepara t ion purified from fraction 3 by a densi ty-gradient s tep [ 2 9 ] . This 
procedure rendered secretory vesicles fragile as indicated by loss of h o r m o n e . 
Fract ion 3 was found t o be m o r e stable. As described later this secretory vesicle 
fraction released vasopressin u p o n addi t ion of Ca2 + b u t n o t of Mg2+ or Sr2 + . 
Electron microscopic inspect ion of this fraction revealed the presence of sheets 
of cell membranes among o ther con taminan t s of this vesicle prepara t ion . After 
addi t ion of Ca2 + t o fraction 3, vesicles were found in close con tac t wi th mem
brane sheets and in the area of m e m b r a n e a t t a c h m e n t aggregations of mem
brane associated particles were observed (Fig. 8a) . In addi t ion , vesicles were 
found t o have fused wi th m e m b r a n e sheets connec t ing the vesicle lumen with 
the sur rounding med ium (Fig. 8b , c) . 



54 

F i g . 8 , a—c. E l e c t r o n m i c r o g r a p h o f a f r e e z e - f r a c t u r e d p r e p a r a t i o n o f t h e n e u r o h y p o p h y s i s ( fract ion 3 ) 
i n c u b a t e d i n Ca2"1" ( 1 0 - 4 M ) . S e c r e t o r y v e s i c l e s a n d s o m e s h e e t s o f p l a s m a m e m b r a n e are p r e s e n t ir tihis 
f r a c t i o n . A n a g g r e g a t i o n o f m e m b r a n e a s s o c i a t e d p a r t i c l e s c a n b e o b s e r v e d o n a v e s i c l e c o n t a c t i n g a n e ; m -
b r a n e s h e e t ( a ) . F u s i o n s o f v e s i c l e s w i t h m e m b r a n e s h e e t s are s h o w n in ( b ) a n d ( c ) ( a r r o w s ) . Magn i f i ca 
t i o n X 8 0 0 0 0 , s c a l e 0 . 2 fim. 
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The a m o u n t of vasopressin released in to the med ium increased as a funct ion 

of the Ca2 + concen t r a t i on (Fig. 7) . Half maximal effect was obtained be tween 
10" 6 and 10" 5 M Ca2 + . Fig. 7 shows t h a t fusion of secretory vesicles parallels 
t he observed h o r m o n e release when fusion and vasopressin were de te rmined 
using identical incuba t ion procedures . 

In t w o expe r imen t s a similar increase in t he release of neurophysin ( the 
intravesicular hormone-b ind ing prote in) in to the med ium was observed. How
ever, the percentage neurophys in released in to the med ium was significantly 
lower than t h a t of vasopressin released. 

In ano ther set of exper iments Sr2+ and Mg2+ instead of Ca2+ was included in 
the CSE med ium. These cat ions, in the concent ra t ions tes ted, did n o t induce 
vasopressin release from the vesicles (Table II) . When Mg2+ (10~4 M or 1 0 " 3 M) 
was added t o an incuba t ion med ium conta ining 10" 4 M Ca2 + t he release caused 
by Ca2+ was slightly inhibi ted . 

Discussion 
The physiological s t imulus for the release of h o r m o n e s from the neu rohypo

physes is depolar iza t ion of the cell membrane . Isolated neural lobes and the iso
lated nerve endings (neurosecre tosomes) release large a m o u n t s of vasopressin 
on exposure t o K+ and cold [26—28] . Biochemical da ta indicate t ha t this 
release is an exocy to t i c event [ 2 7 , 2 8 ] . This was conf i rmed in this s tudy by the 
appearence of exocy to t i c profiles in isolated neural lobes and neurosecreto
somes when exposed t o K+ or cold. F u r t h e r m o r e , secretory vesicles fuse wi th 
each other dur ing this t r ea tmen t . This may suggest an accumula t ion of an intra
cellular effector leading to m e m b r a n e fusion. 

The requ i remen t of Ca2+ in st imulus-secretion coupl ing in t he n e u r o h y p o p h y 
sis is well d o c u m e n t e d [1—6]. Exper iments with isolated secretory vesicles 
from endocr ine pancreat ic tissue [14] liver [15 ] and adrenal medul la [16] have 
indicated t h a t Ca2 + is able t o ac t as a final trigger of exocytos is init iat ing mem
brane fusion. T h e present s tudy with secretory vesicles from the neural lobe of 
the hypophys is makes it seem probable t h a t in this system also Ca2+ cont ro ls 
membrane fusion leading t o release of h o r m o n e . 

The exper iments indicate t h a t Ca2+ in mic romola r concent ra t ions causes 
membrane fusion in a " m i n i m a l " med ium. T o compare this in vitro s i tuat ion 
with the intracellular env i ronment t h e influence of Mg2 + and K+ on Ca2+-
induced fusion needs t o be considered. 

Despite the fact t h a t monova len t cat ions such as K+ inhibi t Ca2+ binding to 
phospholipid m e m b r a n e s [36 ] t he presence of 6 0 mM KCl did n o t change 
Ca2 +-induced fusion of secretory vesicles isolated from ra t liver (Gratzl , M. and 
Dahl, G., unpubl i shed) . The Mg2 + concen t ra t ion of in tac t cells is assumed t o be 
high [ 3 7 ] . T ransmi t t e r release induced by injection of Ca2+ in to t h e giant 
synapse was found t o be inhibi ted by s imul taneous intracellular appl icat ion of 
Mg2+ [ 3 8 ] . As shown in t he present s tudy Mg2+ is able t o inhibi t Ca2 +- induced 
membrane fusion in 10" 4 M or higher concen t ra t ions . As a consequence in 
intact cells, a shift of t h e sigmoidal curve, which describes t he Ca2+ dependence 
of membrane fusion, t o higher concen t ra t ions of Ca2 + can be expected . How
ever, an effect of Mg2+ in the in tact cells is difficult t o evaluate since the local 
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free concent ra t ion of Mg2+ is u n k n o w n . T h e free intracellular concen t ra t ion of 
Ca2+ is also difficult to de te rmine . Recen t exper imen t s using aequor in as intra
cellular indicator of Ca2+ indicate t h a t the free concen t ra t ion is 10" 7 M or less 
[39—41] bu t increases during s t imulat ion of t h e cell [ 3 9 ] . Thus , t he Ca24" con
centra t ion dependence of intervesicular fusion is compa t ib le wi th secret ion by 
in tact cells. 

In parallel t o the fusion of secretory vesicles we have observed the release of 
vasopressin. There are a n u m b e r of s tudies (ci ted in ref. 42) in which a t t emp t s 
were made t o release vasopressin from isolated neurosecre tory vesicles by 
adding Ca2+ t o the suspension med ium. In all these studies t he Ca2+ concentra
t ions employed were high and the reproducibi l i ty of t h e biological assays was 
problemat ic . 

I t would appear unl ikely t ha t t he increase in h o r m o n e release observed in 
this s tudy could have originated from neurosecre tosomes present in the crude 
granule fraction for t h e following reasons: t he half maximal concen t ra t ion of 
Ca2+ in the extracel lular med ium required for K+ s t imula ted release from neuro
hypophys i s is 5 • 1 0 " 4 M [1] which is 10—100 t imes higher t han the concen
t ra t ions used here. F u r t h e r m o r e , unde r t he incubat ion condi t ions employed no 
depolar izat ion occurs. In fact, increasing Ca2 + concen t ra t ions should hyper-
polarize neurosecre tosomes [ 4 3 ] . Under t he centr i fugat ion condi t ions used, 
neurosecre tosomes would have been spun d o w n a t lower ^-values than secre
to ry vesicles, and indeed neurosecre tosomes could n o t be de tec ted in t he frac
t ions examined by e lect ron microscopy. Lastly, t he purified vesicle fractions 
were devoid of lac ta te dehydrogenase , a marke r enzyme for such e lements 
[ 2 9 , 4 4 ] . 

The almost identical Ca2+ concen t r a t i ons ' dependence for b o t h fusion and 
release suggests a cause and effect p h e n o m e n o n . T h e specificity of t he Ca2 + 
effect and the antagonism by Mg2 + argues against t he release being a reflection 
of a general leakiness. 

Fusion of t w o vesicles should lead t o fo rmat ion of a c o m m o n lumen and n o t 
t o any loss of mater ial in to t he sur rounding m e d i u m . Sheets of cell m e m b r a n e 
have been found in fraction 3 . In terac t ions of secretory vesicles wi th such 
sheets have been shown t o occur (Fig. 8) . Al l though the infrequency of this 
observation prevented a quant i ta t ive evaluation, t he fusion of secretory vesicles 
wi th sheets of cell m e m b r a n e at least would con t r ibu te to the observed release 
of h o r m o n e . 

T h e fact t ha t Sr2 + c a n n o t induce m e m b r a n e fusion is interest ing since injec
t ion of Sr2+ i n to giant synapses did cause t ransmi t te r release [ 3 8 ] , Also, in 
studies of the release of oxy toc in from ra t neu rohypophyses Sr2+ could replace 
Ca2 + . when applied extracellularly [ 4 5 ] . However , in b o t h these investigations 
cell systems were used so t ha t an intracellular redis t r ibut ion of Ca2 + by Sr2 + 
canno t be ruled ou t . 

In conclusion, bo th t he release of h o r m o n e from neurosecre tory vesicles in 
the presence of sheets of cell m e m b r a n e and m e m b r a n e fusion are character ized 
by the requ i rement of low concen t ra t ion of Ca2 + , Ca2+-specificity, and inhibi
t ion by Mg2+ . These results suggest an in vi t ro exocytos is t y p e react ion. T h e 
molecular mechanisms involved in this Ca2 + - induced release are current ly u n d e r 
investigation in our laborator ies . 
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