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II. CHANGES IN THE INTRACELLUAR DISTRIBUTION 

OF PANCREATIC AMYLASE DURING TH E SECRETORY CYCLE 
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In a recent study 1 of the intracellular distribution of amylase in rat pancreas, it was 
shown that a large part of the amylase activity is found in association with the mi- 
crosome and supernatant fluid fractions, and that  the distribution of activity between 
these two fractions in the active secreting pancreas differs from that in the resting 
gland. The present report concerns a more detailed study of the changes observed both 
in the intracellular distribution of amylase and in the biochemical properties of the 
microsome and supernatant fluid fractions during a complete secretory cycle. 

MATERIALS AND METHODS 

A single s h i p m e n t  of 24 r a t s  was  used  for th is  s t u d y ;  t h e y  were all male  r a t s  of t he  Sprague-Dawley  
s t r a in ,  we igh ing  a b o u t  35 ° g. T h e y  were s t a rved  overn igh t ,  in order  to  min imize  secret ion of 
d iges t ive  e n z y m e s ;  unde r  t he se  condi t ions  t he  ac inar  cells a c c u m u l a t e  digest ive  enzymes  and  t h e n  
become re la t ive ly  qu iescen t  wi th  respec t  to syn t he s i s  of new enzyme  pro te in  S . On  t he  m o r n i n g  of 
t h e  exper imen t ,  four  an ima l s  were chosen a t  r a n d o m  f rom each of four  cages,  to serve  as t he  
" s t a r v e d  cont ro ls" .  E a c h  of t he  o ther  an ima l s  received IO m g  of p i locarp ine-hydrochlor ide  in I ec 
of isotonic  saline, by  in t raper i tonea l  inject ion,  in order  to s t i m u l a t e  t he  secret ion of pancrea t ic  
e n z y m e s .  The  first  four  an i ma l s  in jec ted  cons t i t u t ed  the  first expe r imen t a l  g roup ;  t hese  an ima l s  
were killed a b o u t  I h o u r  later .  M ember s  of t he  s u b s e q u e n t  expe r imen t a l  g roups  of 4 ra t s  were 
picked a t  r a n d o m  for sacrifice a t  a p p r o x i m a t e l y  2 h, 4 h, 6 h, and  8 h a f te r  t he  inject ion of pilo- 
carpine ,  as ind ica ted  on t he  graph .  

I n  each case, t he  panc rea s  t i s sue  was  r insed  in isotonic sucrose,  d issec ted  free f rom ex t r aneous  
fa t  and  connec t ive  t issue,  pressed  t h r o u g h  a p las t ic  mincer ,  and  homogen ized  in 0.88 M sucrose,  in 
a concen t r a t ion  of 12 % b y  weight .  T he  h o m o g e n a t e  was  s t ra ined  t h r o u g h  a fine s ta in less  steel 
screen to  r emove  as m u c h  as possible  of t he  r ema in ing  masses  of connec t ive  t i ssue  a n d  whole cells. 
T h e  h o m o g e n a t e  was  cen t r i fuged  a t  6oo × g for IO rain to r emove  t he  nuclei  and  cell debr is ;  the  
s u p e r n a t a n t  fluid was  t h e n  cen t r i fuged  a t  18,ooo × g for 15 m i n  to s ed imen t  t he  secre tory  g ranu les  
a n d  mi tochond r i a  toge ther .  Th i s  pellet  was  saved,  to pe rmi t  visual  e s t ima t i on  of t h e  re la t ive 
changes  in q u a n t i t y  of t he  secre tory  granule  ma te r i a l  dur ing  secret ion.  The  s u p e r n a t a n t  fluid f rom 
the  second cent r i fuga t ion ,  wh ich  con ta ined  t he  mic rosome  mate r i a l  and  soluble prote ins ,  was 
careful ly  r emoved  w i th  a p ipet te ,  d i lu ted  to  reduce  t he  concen t r a t ion  of sucrose  to o.25M ( thus  
faci l i ta t ing t h e  s e d i m e n t a t i o n  of more  mic rosome ma te r i a l  t h a n  can  be ob ta ined  f rom o . 8 8 M  
sucrosel) ,  and  s e d i m e n t e d  a t  lO5,OOO × g for 60 rain. Al iquots  of t he  un f r ac t i ona t ed  homogena te s ,  
t h e  mic rosome  mate r ia l  s e d i men t ed  a t  lO5,OOO × g, and  the  final s u p e r n a t a n t  fluids were assayed  
for a m y l a s e  ac t iv i ty  b y  t he  m e t h o d  of MEYER et al. 8, and  were ana lyzed  for prote in-ni t rogen,  r ibose 
nucleic  acid (RNA),  and  phospho l ip id -phosphorus ,  by  t he  m e t h o d s  used  prev ious ly  1. 

RESULTS AND DISCUSSION 

T h e  c h a n g e s  i n  t h e  i n t r a c e ] l u l a r  d i s t r i b u t i o n  o f  a m y l a s e  a c t i v i t y  t h a t  o c c u r r e d  d u r i n g  

t h e  s e c r e t o r y  c y c l e  a r e  s h o w n  i n  F i g .  I .  T h e  c u r v e  fo r  t h e  s e c r e t o r y  g r a n u l e s  was  
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obtained by subtracting the sum of the activities recovered in the microsome and 
supernatant fluid fractions from the total activity of the unfractionated homogenate. 

Fig. I. Amylase "distribution following admini- 
stration of pilocarpine. Sup = Supernatant fluid; 
ms = microsome fraction; S.G. = "secretory 
granules" (see text). Units of amylase for each 
fraction = mg maltose • io 4 produced in 3 ° rain/ 
mg DNA in unfractionated homogenate. Note 
that the values obtained for the supernatant fluid 
were multiplied by 4, to facilitate comparison 

with the other cell fractions. 

Sup X 4 / / =  
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HOURS AFTER ADMINISTRATION OF PILOCARPINE 

The figures for the secretory granules therefore include activity present in nuclei, 
mitochondria, and in contaminating whole cells as well as in the secretory granules, but 
various lines of evidence indicate that  the amylase activity derived from the former 
sources is smalP, 10. As shown in the figure, the most extensive early loss of amylase 
activity was in the secretory granules; the loss from the supernatant fluid was even 
more extensive, but  the activity reached a minimum somewhat later than did that  of 
the secretory granules. In proportion to the initial activity, the smallest relative loss 
was in the microsome fraction. Relatively low amylase activities were observed in all 
three fractions between the first and fourth hours after the injection of pilocarpine. 
Return toward the values found in the starving pancreas was noted earliest in the 
microsome and supernatant fluid fractions, between the second and fourth hours, with 
rapid rises between the fourth and sixth hours. The secretory granule fraction lagged 
behind the other two in its return toward the resting condition. At 8 h6urs after 
injection of pilocarpine, the amylase activity of the microsome fraction was higher 
than that  of the starving controls, while at this time the activities of the secretory 
granules and supernatant fluid were only approaching the initial values. 

The ratios of amylase activity and of RNA and phospholipid-phosphorns to 
protein-nitrogen in the microsome and supernatant fluid fractions are given in Table I. 
The ratios of RNA and phospholipid-P to protein-N showed only small ( +  8%) and 
random variations throughout the secretory cyle. In contrast, the ratio of amylase to 
protein-N in the microsome fraction reached a single minimum, at 2 hours, which was 
less than 40% of the maximum observed at 8 hours, and the relative amylase activity 
in the supernatant  fluid fraction reached a single minimum, also at 2 hours, which was 
only about 25 % of the value observed at 8 hours. 

In contrast to the stability of the structural components (protein, RNA, and 
phospholipid) of the microsome and supernatant fluid fractions during the secretory 
cycle, the quanti ty of the secretory granule material changed considerably during the 
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T A B L E  I 

R E L A T I V E  C O N C E N T R A T I O N S  OF C O N S T I T U E N T S  I N  M I C R O S O M E  P E L L E T  

A N D  S U P E R N A T A N T  F L U I D  D U R I N G  R E S P O N S E  TO P I L O C A R P I N E  

All va lues  r ep resen t  ra t ios  of g iven  a c t i v i t y  or c o n s t i t u e n t  to  p ro t e in -n i t rogen  

Hours alter M icrosome pellet Supematant fl~id 
iniection o] 
piloearpine Amylase* RNA Phospholipid Amylase* RNA Phospholipid 

S t a r v e d c o n t r o l  5.7 1.9 o.13 3.3 0.59 o 
I 3.9 2. 3 o.15 1. 9 o.76 o 
2 3.8 2.1 o.13 0.97 0.67 o 
4 4.8 1.9 o.15 1.3 0.56 o 
6 9.3 2.2 o.14 4.3 ° .58 o 
8 9,9 1.9 o.13 3.9 °.59 o 

Av., ~ m e a n  dev i a t i on  2.0 ~ .15 o.14 ~- .oi 0.63 ~ .05 

* mg  • lO 4 ma l tose  p roduced  in 3 ° min  per  mg  pro te in-n i t rogen .  

r 

F 

jl 

a b c 

Fig. 2. Pe l le t s  ob ta ined  from pancreas  hom oge na t e s  by  cen t r i fuga t ion  a t  18,ooo × g for 15 rain 
af ter  r emova l  of nuclei.  The  sec re to ry  g ranu les  form the  c o m p a c t  wh i t e  l aye r  a t  the  b o t t o m  of the  
pel le t  as i nd i ca t ed  by  the  a r row;  t h e  ove r ly ing  sed imen t s  are  mi tochondr i a l  components .  The  d a r k  
oval  a rea  v is ib le  a t  the  b o t t o m  of severa l  of t he  t ubes  is a re inforcing l aye r  on the  tube ,  and  is not  
re la ted  to  the  sediments ,  a. S t a r v i n g  cont ro ls ;  b. i hour  a f te r  p i locarp ine ;  c. 2 hours  af ter  pilo- 

carp ine  ; d. 4 hours  a f te r  p i locarp ine  ; e. 6 hours  af ter  p i locarp ine  ; f. 8 hours  af ter  pi locarpine.  
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cycle, as ind ica ted  b y  Fig.  2. In  this  pho tog raph  are shown the  sediments  ob ta ined  at  
i8 ,ooo × g from closely s imilar  amoun t s  of pancreas ;  the  whi te  l ayer  a t  the  b o t t o m  of 
the  pel let  (marked  wi th  an arrow) is the  secre tory  granule  mater ia l .  The  da rk  oval  
a rea  visible a t  the  b o t t o m  of severa l  of the  tubes  is a re inforcement  of the  tubes  and  is 
not  re la ted  to the  sediments .  The  round  whi te  pel let  of secre tory  granule  ma te r i a l  was 
ra the r  large and easi ly  seen when ob ta ined  from s ta rv ing  pancreas ,  bu t  i ts  re la t ive  
size decreased r ap id ly  af ter  in ject ion of pi locarpine,  reaching a m in imum at  2 hours, 
when it  was reduced  to a nar row whi te  slit. Recovery  was evident  a t  4 hours and 
cont inued  th rough  6 hours;  a t  8 hours  the  pellet  was d i s t inc t ly  larger  t han  in the  s ta rv-  
ing controls.  

These resul ts  t aken  toge ther  suggest  t ha t  the  amylase  tha t  is s tored in the  secre- 
t o ry  granules  is the  first to be secreted af ter  the  in ject ion of pi locarpine,  as would be 
expec ted  on the  basis of classical histological  s tudies  4. The  "so luble"  amylase  of the  
supe rna t an t  f ract ion lags beh ind  t ha t  of the  secre tory  granules  in the  order  of secre- 
tion, bu t  i t  is also r ap id ly  lost  from the  cell. The  a c t i v i t y  associa ted wi th  the  micro-  
somes is the  bes t  conserved. The  loss of amylase  ac t i v i t y  in the  secre tory  granules  is 
associa ted wi th  a loss of the  subs tance  of the  secre tory  granules,  in cont ras t  to the  
losses sus ta ined  b y  the  microsomes and supe rna t an t  fluid, whose s t ruc tura l  compo-  
nents  are conserved th roughou t  the  cycle. The in t race l lu lar  origin of the  amylase  found 
in the  final supe rna t an t  fluid fract ion is not  known;  this  enzyme prote in  m a y  have  
been free in the  "cel l  sap" ,  or i t  m a y  have  been released from the  m e m b r a n e - b o u n d  
spaces of the  cy top lasm dur ing  homogenizat ion.  These m e m b r a n e - b o u n d  spaces 
include the  endoplasmic  re t icu lum 5, s, 7, the  Golgi mater iaF ,  and  the  secre tory  granules  
themselves  5, 7. The d a t a  reinforce the  suggest ion made  earl ier  in these s tudies  1 t ha t  the  
new enzyme pro te in  is synthes ized  in associat ion with  the  microsomes and then  
released from the  site of synthesis  in soluble form, and  t ha t  the  soluble enzyme 
prote in  is then condensed,  poss ib ly  b y  the Golgi appa ra tu s  9, into the  re la t ive ly  d ry  
secre tory  granules  where i t  is s tored  awai t ing  secretion, 

SUMMARY 

Changes in the intracellular distribution of amylase and in the biochemical properties of the 
microsome and supernatant fluid fractions of rat pancreas have been studied during a complete 
secretory cycle. In general, the amylase activity reached a minimum about two hours after tile 
injection of pilocarpine returning gradually to normal at about eight hours after the injection. The 
most extensive early loss of amylase activity occurred in the secretory granules; the smallest 
relative loss occurred in the microsome fraction. Essentially no change was observed in the protein, 
ribose nucleic acid or phospholipid of the microsome and supernatant fluid fractions, but extensive 
changes were observed in the quantity of secretory granule material. Apparently the structural 
components of the microsome and supernatant fluid fractions are conserved throughout the 
secretory cycle, while the substance of the secretory granules undergoes marked changes in quantity. 
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