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A B S T R A C T  

The synthesis, intracellular transport, storage, and discharge of secretory proteins in and 
from the pancreatic exocrine cell of the guinea pig were studied by light- and electron 
microscopical autoradiography using DL-leucine-4,5-H 3 as label. Control experiments were 
carried out to determine: (a) the length of the label pulse in the blood and tissue after intra- 
venous injections of leucine-H3; (b) the amount and nature of label lost during tissue fixa- 
tion, dehydration, and embedding. The results indicate that leucine-H 3 can be used as a 
label for newly synthesized secretory proteins and as a tracer for their intracellular move- 
ments. The autoradiographic observations show that, at ~ 5  minutes after injection, the 
label is localized mostly in cell regions occupied by rough surfaced elements of the endo- 
plasmic reticulum; at ~20 minutes, it appears in elements of the Golgi complex; and after 
1 hour, in zymogen granules. The evidence conclusively shows that the zymogen granules 
are formed in the Golgi region by a progressive concentration of secretory products within 
large condensing vacuoles. The findings are compatible with an early transfer of label from 
the rough surfaced endoplasmic reticulum to the Golgi complex, and suggest the existence 
of two distinct steps in the transit of secretory proteins through the latter. The first is con- 
nected with small, smooth surfaced vesicles situated at the periphery of the complex, and 
the second with centrally located condensing vacuoles. 

I N T R O D U C T I O N  

The purpose of this work was to study, by high 
resolution autoradiography, the synthesis, intra- 
cellular transport, storage, and discharge of a well 
defined class of proteins: the digestive enzymes 
produced by the exocrine cells of the guinea pig 
pancreas. This system has been the object of a 
number of recent studies involving the biochemical 
analysis of cell fractions separated by differential 
centrifugation (1-8). Such studies have provided a 
sizable amount of data on the secretory cycle but 
have left several points in doubt and could not 

provide any information on important steps of the 
process. This situation is due to the intrinsic 
limitations of the cell fractionation procedures 
used so far: incomplete separation, resulting in the 
contamination of all fractions by structural ele- 
ments belonging to other fractions, and incomplete 
fractionation, resulting in the apparent loss of cell 
structures such as the Golgi complex (9). 

Recent advances in high resolution autoradi- 
ography (10, 11) have rendered possible the 
intracellular localization of label with a resolution 
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of 0.2 to 0.1 #. I t  a p p e a r e d ,  therefore ,  t h a t  a u t o -  

r a d i o g r a p h y  w o u l d  p rov ide  a su i t ab le  ana ly t i ca l  

tool  to check  t he  conc lus ions  a r r ived  a t  by  cell 

f r a c t i ona t i on  s tud ies  and ,  in add i t ion ,  give infor-  

m a t i o n  w h i c h  cou ld  no t  be  o b t a i n e d  by  o t h e r  

m e a n s .  

T h e  des ign  of t he  e x p e r i m e n t s  was  s imple :  

r ad ioac t i ve  l euc ine  was  in jec ted ,  i n t r a v e n o u s l y ,  

in to  g u i n e a  pigs,  whose  p a n c r e a s  was  t h e n  ex-  

a m i n e d  by  a u t o r a d i o g r a p h y  at  va r ious  t imes  af ter  

in jec t ion.  T h i s  e x a m i n a t i o n  was  p e r f o r m e d  b o t h  

in t h e  l igh t -  a n d  t he  e l ec t ron  mic roscope .  

M A T E R I A L S  A N D  M E T H O D S  

Male  albino gu inea  pigs, weighing  200 to 250 gm,  
were fastcd 48 hours,  t hen  fed 1 hour  before the  ex- 
pe r imen t  in order  to init iate a secretory cycle (3). 
U n d e r  n e m b u t a l  anesthesia,  the animals  received by 
in t ravenous  injection about  I m l  of  physiological 
saline conta in ing  f rom I to 5 millicuries of  DL-Ieucine- 
4 , 5 - H  3 (from New E n g l a n d  Nuclear  Corp.,  Boston) 
with a specific activity of 3570 me/raM. At  t imcs vary-  
ing f rom 4 minutes  to 15 hours  after the injection of 
thc  label, a por t ion of the  pancreas  was fixed by in- 
jec t ing  directly into the  tissue 2 per cent  OsO4 in 
aceta te-veronal  buffer, p H  7.5 to 7.6. T h e  results were 
followed u n d e r  a stereoscopic microscope and  those 
regions wh ich  tu rned  b rown mos t  rapidly  were ex- 
cised and  cut  into small  blocks whose fixation was 
cont inued  by immers ion  in the  same fixative at 4 ° 
for 2 hours.  T h e  blocks were subsequent ly  dehydra ted  
and  embedded  in methacry la te  according to s t andard  
methods  (12). 

T h e  blocks were sectioncd for au torad iographic  
examina t ion  in the light- and  the electron micro-  
scope; the  thickness of  the  sections was ~ 0.4 ~ in 
the  first case and  ~-~ 0.06 to 0.1 ~ in the  second. T h e  
methods  for au to rad iography  have  been described 
in detail  in previous communica t ions  (10, 11). T h e y  
involve the  appl icat ion to the  spec imen of a thin 
uni form layer of  Ilford L-4 Nuclear  Research  emul-  
slon. In  the  case of electron microscopic prepara t ions  
the  thickness of  this layer is reduced  to tha t  of  a 
single crystal  of  silver hal ide (about  0.1 ~).  

Because of the  lack of contrast  of the  autoradio-  
g raphs  in the  electron microscope it was essential to 
stain thc  sections before examina t ion .  This  was done, 
us ing ei ther u rany l  aceta te  in a 30 per cent  e thanol  
solution (13) or the  Karnovsky  lead stain (14). As 
shown by Revel  and  H a y  (15), the  lat ter  s ta in ing 
procedure  results in a part ial  r emova l  of  the  gelat in 
and  in a considerable i m p r o v e m e n t  in imagc  quali ty.  
Since, however,  this m e t h o d  causes on rare occasions 
a d i sp lacement  or a removal  of the au to rad iograph ic  
grains (10), we have  used it only for i l lustration 
purpose.  I n  all cases where  gra in  counts  were m a d e  

we have  used the  u rany l  stain, which  gives less con- 
trast  bu t  does not  affect the gelat in and  is, therefore, 
safer. 

Gra in  counts  were m a d e  by taking low power elec- 
t ron micrographs  of a n u m b e r  of  fields (openings in a 
200-mesh screen), each selected on the  basis of  the  
uni formi ty  and  qual i ty  of  the  section. Since all micro-  
g raphs  were taken at a magnif ica t ion  at which  the  
pho tograph ic  grains were invisible on the  screen, the  
presence and  posit ion of grains did not  influence the  
choice of fields. A l though  this me thod  of selection is 
not  completely r a n d o m  it gives unbiased  gra in  counts .  
T h e  reproducibi l i ty  of  such gra in  counts  is good, as 
demons t ra ted  on this mater ia l  in our  earlier publ ica-  
t ion (10). 

T h e  techniques  used in the  various control  experi-  
men t s  performed in connect ion with this work will be 
described, together  wi th  the  results,  in the next  sec- 
tion. 

R E S U L T S  

A .  Con t ro l s  

I n  o rde r  to follow, by a u t o r a d i o g r a p h y ,  t he  

pas sage  of  m a r k e d  m a c r o m o l e c u l e s  on  or  t h r o u g h  

t he  va r i ous  o r g a n d i e s  of  t he  cell severa l  cond i t i ons  

m u s t  be  fulfi l led: (1) t h e  pe r iod  d u r i n g  w h i c h  t he  

label  is ava i lab le  for i n c o r p o r a t i o n  m u s t  be k n o w n ;  

(2) t he  label  used  m u s t  be  specific for t he  class  of  

m a c r o m o l e c u l e s  to be s tud ied ;  (3) t he  label  once  

i n c o r p o r a t e d  m u s t  be p rese rved  d u r i n g  t he  f ixa t ion  

of  the  s p e c i m e n ;  (4) i t  shou ld  be a sce r t a i ned  t h a t  

a r a p i d  t u r n o v e r  of  t he  l abe led  molecu les  does  no t  

t ake  place.  W e  shall ,  therefore ,  beg in  by  a dis- 

cuss ion of  t hese  va r i ous  pre requis i tes .  

1. AVAILABILITY OF LEUCINE-H a FOLLOWING 

INTRAVENOUS INJECTION 

A .  I N  T H E  B L O O D :  Friedberg and  Greenberg  
(16) repor ted tha t  various amino  acids (glycine, 
L-alanine, L-glutamic acid, L-histidine, and  L-lysine) 
are r emoved  f rom the blood to the  extent  of 80 to 90 
per  cent  wi thin  15 minutes  after their  in t ravenous  
injection in a s tarved rat.  Borsook el al. (17) found 
tha t  the  level of  radioact ivi ty in the  blood, following 
the in t ravenous  injection of L-leucine- l -C 14 in mice, 
falls wi thin  10 minu tes  to less t h a n  2 per cent  of  the 
a m o u n t  injected. U1 Hassan  and  Greenberg  (18) 
found significant differences in the  metabol i sm of 
D-leucine and  L-leucine. Because in our  exper iments  
we used DL-leucinc-4,5-H a, and  because the  label is 
on a different posit ion t han  in the  mater ia l  used by 
Borsook et al., we conducted  a few exper iments  to 
de te rmine  the  fate of tr i t iated leucine after intra-  
venous injections. 
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Two  such  exper iments  are i l lustrated in Fig. 1. 
T h e  prepara t ion  of the  an imals  and  the  condit ions 
of the  injection were as described unde r  Mater ia ls  
and  Methods .  200 #c  of DL-leucine-4,5-H ~ were used 
in each exper iment .  Samples  of  the  blood, abou t  
0.5 ml  in volume,  were taken  at  var ious  intervals  
following injection, f rom a femoral  vein in one case 
and  a mesen te ry  vein in the  other.  T h e  samples  were 
placed in cold, 1-ml centr ifuge tubes  conta in ing  
0.25 ml  of 20 per  cent  perchloric acid. After  cen- 

To  de te rmine  the  na tu re  of  the  mater ia l  in this 
plateau,  ano ther  an imal  was injected with 2 mc  of 
l euc ine -4 ,5 -H a and,  after 10 minutes ,  1 ml  of  blood 
was r emoved  and  added  to 0.5 ml  of  cold 20 per  cent  
perchloric acid. T h e  ensu ing  precipitate was sedi- 
m e n t e d  out  and  the  superna te  neut ra l ized  wi th  po- 
tass ium bicarbonate  and  cleared by centr i fugat ion.  
A 50 #1 al iquot  of  the  superna te  supp lemen ted  with 
40 /zg of cold carrier leucine was then  analyzed  by 
descending c h r o m a t o g r a p h y  on W h a t m a n  No. 1 
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Soluble Label in Blood Serum 

FIGUaB 1 Acid-soluble radioactivity in blood serum following the  injection, into 700-gin guinea pigs, 
of 200 #c  of DL-leueine-4,5-H ~, shown as number  of counts per minute  per 10 #1 of serum. The  count ing 
efficiency was 5.3 per cent. Injection was in the  femoral vein. Samples were taken from a mesentery  vein 
(O) in one experiment  and a femoral vein (O) in another.  

t r i fugat ion the  radioact ivi ty  of  the  acid-soluble frac- 
t ion was measu red  in a Packa rd  T r i -C a rb  scintil lation 
counter .  A correct ion for q u e n c h i n g  was m a d e  for 
each  specimen.  

T h e  results show tha t  acid-soluble radioactivi ty 
reaches  a peak in less t han  1 mi nu t e  after injection 
and  tha t  the  measu red  peak  va lue  is wi thin  20 per  
c en t  of  tha t  expected for a blood vo lume corre- 
spond ing  to 8.5 per  cent  of  body  weight.  T h e  radio-  
activity then  decreases very rap id ly  unt i l  it reaches  a 
p la teau  at abou t  20 per  cent  of  the  peak value at 4 
to 5 minutes .  

paper  in the  following solvent  system: 70 per cent  
secondary  butyl  alcohol, 10 per  cent  formic acid, 20 
per  cent  water  (19). T h e  posit ion of the cold leueine 
was identified by the  n inhydr in  react ion and  the  
dis t r ibut ion of t r i t ium on the c h r o m a t o g r a m  meas-  
u red  in a scintillation counter .  Practically all the  
radioact ivi ty was found associated with the  position 
of the  leucine spot on the  ch roma tog ram.  

T h e  proport ions of the  two leucine isomers r ema in -  
ing  in the  blood 10 minu tes  after injection were esti- 
m a t e d  in the  following m a n n e r :  the  leucine spot  on 
the c h r o m a t o g r a m  of a perchloric acid extract  was 
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eluted into 5 ml  of M -9  m i n i m a l  m e d i u m  for bacteria.  
W h e n  cells of  E. coli 15 were allowed to grow to 
sa tura t ion  in this m e d i u m ,  they were found to have  
incorpora ted  30 per cent  of  the  label. I f  a large excess 
of  tr i t iated DL-leucine was also added  to the  m e d i u m ,  
the  cells incorpora ted  50 per cent  of  the  label, cor- 
responding  to the  entire a m o u n t  of the  L isomer 
added  (20). 

W e  conclude,  therefore, that ,  after in t ravenous  
inject ion of the  DL-leucine-4,5-H 3, the  major  fraction 
of the  label is available as a short  pulse, of  a dura t ion  
of 3 to 4 minutes ,  A smal ler  propor t ion  of the label 
remains  in the  blood for at least 15 minutes .  I t  is 
p redominan t ly  in the  form of D-leucine a l though  some 
L-leucine is still present  as evidenced by its incorpora-  
t ion by bacter ia  incapable  of uti l izing the D isomer. 

B .  I N  T H E  P A N C R E A S :  T h e  s i tuat ion wi th in  
the  tissue is different, as shown by the  results in Tab le  
I. I n  these exper iments  1, the  an imals  were sacrificed 
3 to 30 minutes  after the  injection of 0.2 me  of DL- 
l euc ine -4 ,5 -H 3. For all bu t  the 3-minute  point,  a 
chaser  conta in ing  leucine-H 1, 500 t imes more  con- 
cent ra ted  t h a n  the  radioact ive leucine, was given to 
the  an imal  3 minutes  after the  first injection. T h e  
pancreat ic  g lands  were removed,  homogenized,  and  
analyzed for total and  specific radioact ivi ty of  the 
homogena t e  and  of its acid insoluble fraction. It  can  
be concluded  from the results:  (a) tha t  the  chaser  

1 The  help of Dr.  Phil ip Siekevitz and  Miss M.  
Ledoux  in per forming  these exper iments  is gratefully 
acknowledged.  

T A B L E  I 

In Vivo Incorporation of DL-Leucine-4,5-H 3 into Guinea Pig Pancreas 

T h e  a n i m a l s  rece ived  i n t r a v e n o u s l y  u n d e r  l igh t  e t he r  a n e s t h e s i a  0.2 mc  of  
DL- leuc ine-4 ,5-Ha;  3 m i n u t e s  la te r  a cha se r  d i l u t i ng  the  label  500 t imes  was 
in jec ted  (X 100, i n t r a v e n o u s l y ;  X 400, i n t r ape r i t onea l l y )  in all a n i m a l s  excep t  
the  first two (3 rain.  t ime  poin t ) .  T h e  p a n c r e a t i c  g l ands  were r e m o v e d  a t  the  
t imes  i n d i c a t e d  a n d  h o m o g e n i z e d  in H 2 0  to give a 1:10 (w:v)  h o m o g e n a t e .  
T o t a l  coun t s  a n d  p ro t e i n  a m o u n t s  were d e t e r m i n e d  in the  h o m o g e n a t e  a n d  
its T C A - i n s o l u b l e  f rac t ion  o b t a i n e d  by the  S c h n e i d e r  p rocedure .  P ro t e in  con-  
t en t  was  c a l c u l a t e d  f rom N d e t e r m i n e d  by  ness l e r i za t ion  on K j e l d a h l  digests .  
R a d i o a c t i v i t y  was m e a s u r e d  in a P a c k a r d  T r i - C a r b  sc in t i l l a t ion  c o u n t e r  on 
formic  ac id -d i s so lved  s amp le s  w i th  co r rec t ions  for q u e n c h i n g  for e ach  sample .  

Time  

Total radioactivity Specific radioactivity} 
cPM X ~o~ cPM/mg protein 

Total  
Animal pancreatic Homog- TCA-in- TCA- Homog- TCA-in- Incorpo- 
weight proteins enate soluble soluble$ enate soluble ration 

ram. gm.  mg per cent 

3 335 172 1860 451 1409 1420 318 20 
305 128 1310 193 1117 1120 176 

7* 275 96 1294 196 1098 1330 201 19 
275 127 1258 306 952 985 242 

11" 285 117 1561 658 903 1360 575 37 
290 136 1228 365 863 945 280 

15" 270 119 1680 935 745 1370 570 43 
270 111 1243 559 684 1090 492 

30* 245 78 1355 843 512 1460 960 68 
235 111 1530 1078 452 1160 828 

* C h a s e r  a t  3 m i n u t e s .  
$ By difference.  
§ T h e s e  f igures are  co r r ec t ed  for d i f ferences  in we igh t  a m o n g  an ima l s  ( ave rage  w e i g h t  
278.5 gin) a s s u m i n g  t h a t  af ter  in jec t ion  the  specific ac t iv i ty  of  the  l euc ine  is inverse ly  
p ropo r t i ona l  to the  we igh t  of  the  an ima l .  

476 Trim JOURNAL OF CELL BIOLOGY • VOLUME CO, 1964 



T A B L E  II  

In Vivo Incorporation of DL-Leucine-4,5-H 3 into Guinea Pig Pancreas 

T h e  a n i m a l s  rece ived  in t ra ,~no ias ly  0.066 me /100  g m  b o d y  we igh t  of  DL- leuc ine -4 ,5 -H 3 (specific 
ac t iv i ty :  3570 m c / m M )  u n d e r  l igh t  e t he r  anes thes ia .  A c h a s e r  d i l u t i ng  the  label  100 X was  in j ec ted  
i n t r a v e n o u s l y  at  4~/~ m i n u t e s  on ly  in the  two a n i m a l s  of  the  51/~ m i n u t e  t ime  po in t .  T h e  rest  of  the  
p r o c e d u r e  was the  some  as g iven  in T a b l e  I excep t  t h a t  r a d i o a c t i v i t y  was d e t e r m i n e d  in cold  T C A -  
so luble ,  ho t  T C A - s o l u b l e ,  a n d  T C A - i n s o l u b l e  f rac t ions  of  the  h o m o g e n a t e .  

Total radioactivity CPM X 102 
Specific radioactivity 

cpM/mg protein 

Total Cold Hot 
Animal pancreatic TCA-  TCA- TCA- Homog- TCA-  

Time weight proteins soluble soluble insoluble enate:~ insoluble Incorporation 

rain. gm mg per ant 

310 108.5 927 15 211 1063 194 
5 ~ *  255 95.0 825 18 454 1367 478 27 

290 100.0 846 28 1100 1975 1100 
20 58 

290 106.2 563 27 971 1472 914 

300 87.8 455 24 1283 2010 1465 
60 73 

300 99.6  505 36 1421 1967 1425 

* C h a s e r  at  41/~ m&nu.tes. 
:~ Ca l cu l a t ed .  

s topped the increase of radioact ivi ty in the  pancreas ;  
(b) tha t  there is in the  cell a non-exchangeab le  pool 
of acid-soluble, leucine-conta in ing material .  I t  can  
be es t imated roughly  tha t  the  half-life of  a leucine 
molecule  wi thin  the  pool is of  the  order of  15 minutes .  
This  fact will de te rmine  the  length  of the  pulse of  
label. As a first approximat ion ,  we can  say tha t  the  
specific activity of  the  leucine used for protein syn-  
thesis in the  pancreas  will fall to 50 per cent  of  its 
m a x i m u m  value wi th in  roughly  15 minutes  after the  
injection. 

I n  ano ther  series of  exper iments  1 (Table II) ,  we 
used condit ions and  t imes more  similar to those of 
the  au to rad iography  exper iments :  a chaser  was in- 
jec ted  after 41/~ minutes  for the  first t ime point,  and  
no chaser  was used for the  other  t ime points. A com-  
parison of the two tables shows : (a) tha t  the  omission 
of the  chaser  does not  affect significantly the propor-  
tion of incorpora ted  to total label in the pancreas ,  and  
(b) tha t  the a m o u n t  of total label in the  pancreas  
reaches ~ 6 0  per cent  of the  60-minute  value in 
(41/~ -}- 1) minu tes  and  ~ 9 0  per  cent  of tha t  value  
in 20 minutes .  W e  see, therefore, tha t  the  length  
of the label pulse is increased by the  omission of the 
chaser  bu t  tha t  the  difference is small.  A compl ica t ing  
factor is the  fact t ha t  we used DL-leucine-H 3 since, 
as in the  blood, the  incorpora t ion  of the  n isomer 
migh t  be inefficient. I n  exper iments  of  this type it 
would  be preferable to use the  L isomer alone. 

I t  m i gh t  be pointed out  that ,  at the specific activity 

T A B L E  I I I  

Losses of Label During Fixation, Dehydration, 
and Embedding of Pancreatic Tissue Fixed at 
Different Times after the Intravenous Injection of 
nL-Leucine-4, 5-H 3 

Label lost in 

Time Alcohols 
after OsO4 and and metho 

injection Chaser at buffer acrylate Total  loss 

min. min. ~ r  ~nt per unt per unt 

7 ~  51~ 8 .3  24.7 33 
20 - -  2 .9  13.2 16.1 
20 - -  3 16.2 19.2 
22 5 ~  5 .8  9 14 

used in the  au to rad iograph ic  exper iments ,  5 mc  of 
leucine-H 3 represent  approx imate ly  30 per cent  of  
the  no rma l  leucine concent ra t ion  in the  blood. T h e  
injection of this a m o u n t  should not  dis turb undu ly  
the  no rma l  flow of leucine th rough  the cells. 

~. SPECIFICITY OF THE LABEL 

Siekevitz and  Palade (4) have  found tha t  nL- 
l euc ine- l -C  14 is efficiently incorpora ted  into the  pro- 
teins of  the  pancreas .  Thus ,  after 45 minutes ,  2.4 
per cent  of  the  total label injected was found in pan-  
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FIGURE ~ Autoradiography of a pancreatic acinus ~0 minutes  after theinject ion of DL-leucine-4,5-H 3. The  
micrograph was taken in phase contrast.  The  photographic grains, placed a little above the plane of focus, 
are seen as bright points. Clusters of grains appear in the  centrosphere region of m a n y  cells, the  rest of the  
cell remaining almost  free of label. Although the resolution is fairly good, it is impossible 1o dist inguish 
clearly the  labeled structures.  )< 1700. 

creatic proteins.  Schoenhe imer  and  his g roup  (21, 
22) have  shown tha t  side chains  of  bo th  D- and  L-leu- 
cine, labeled with deuter ium,  are incorporated effici- 
ently into proteins,  most ly as leucine. U1 Hassan  and  
Greenberg  (18) have  repor ted tha t  a lmost  90 per cent  
of the  label in the  viscera of  mice injected with DL- 
leucine-2-C 14 is found  incorporated in proteins 8 
hours  after the  injection. Borsook et al. (17) have  
found tha t  in the  viscera of  mice most  of  the  label 
appears  in proteins or as free amino  acids at various 
t imes after injection of L- leucine- l -C 14. I t  seems, 
therefore, that ,  in spite of  the  known ketogenic ac- 
tivity of  leucine, most  of  it is incorpora ted  into pro- 

reins, at least in the  pancreas .  In  this g land,  especially 
after s t imula t ion  by a cycle of  fasting and  feeding, 
the  ra te  of  synthesis of  expor table  proteins (i.e., di- 
gestive enzymes)  is considerably h igher  t h a n  tha t  of 
s t ructural  or other  non-expor tab le  proteins (6, 8). 
We  expect, therefore, that ,  in our  au to rad iograph ic  
experiments ,  the  dis t r ibut ion of radioact ivi ty will re- 
flect tha t  of  exportable  proteins. 

At  very short  t imes after injection, a difficulty arises 
f rom the fact tha t  the  OsO4 used for fixation migh t  
cause a non-specific b ind ing  of free leucine to various 
structures.  I n  an  exper iment  in which  leucine-C 14 
was added  to a pancrea t ic  homogena te ,  it was found 

F m u a E  3 Electron microscopic autoradiography of an  exocrine cell 5 minutes  after the  
injection of leucine-4,5-H 3 (a chaser of leucine-H x was injected at  4 minutes) .  Mos t  of 
the  grains are over elements of the  rough surfaced reticulum (er). A few grains are also 
found over the small, smooth surfaced vesicles of the  Golgi complex (G).)< el,000. 
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that after OsO4 fixation of this mixture about 4 per 
cent of the added label was precipitated by cold 
trichloroacetic acid (TCA) and not extracted by hot 
TCA, 95 per cent ethanol, ethanol-ether, and acetone, 
nor removed by the various concentrations of ethanol 
used in the regular dehydration-embedding pro- 
cedure. Without OsO4-fixation the amount of label 
bound was at least 200 times smaller and undetect- 
able. 1 We assume that this binding of free leucine is 
responsible for the photographic grains we found 
over structures normally unlabeled (red blood ceils, 
collagen fibrils) or weakly labeled (nuclei of exocrine 
cells, centroacinar cells, etc.) when we examined 
autoradiographs of pancreatic tissue fixed 5 to 6 
minutes after the injection of the label. This non- 
specific labeling disappeared at 15 or 20 minutes 
after injection, presumably because of the drop in 
the concentration of free leucine-H s. At earlier times 
it could be eliminated completely by injecting, a few 
minutes after the leucine-H ~, a chaser containing an 
amount of unlabeled uL-leucine about 100 times 
greater than that of the labeled leucine used. 

It seems clear that this non-specific binding affects 
only a fraction of leueine molecules and becomes ob- 
jectionable only when high concentrations of leu- 
cine-H a are present in the blood. There is good evi- 
dence that a large part of the leucine pool in the cell 
is removed by fixation (see below). 

3. FATE OF LABEL DURING FIXATION 

To find out whether the incorporated label was 
preserved during the preparation of the tissue, we 
measured the losses occurring in the various steps of 
the fixation and embedding procedures. To this end a 
fairly large number of small blocks of labeled pan- 
creas was fixed, dehydrated, and embedded in 
methacrylate. After trimming, the methacrylate was 
dissolved in acetone, the blocks were completely 
hydrolyzed in l : l  concentrated HCl:acetlc acid at 
100 ° for 12 hours. Each solution was saved and its 
radioactivity measured in a scintillation counter. 
Suitable corrections were made for quenching. The 
radioactivity remaining in the tissue blocks at the 
end of the entire preparatory procedure was measured 
in their acid hydrolysate. 

A summary of the results obtained in four experi- 
ments is shown in Table III. The major losses oc- 
curred during fixation, first wash, and subsequent 

dehydration steps. A significant but much smaller 
loss occurred in methacrylate. The losses were some- 
what higher for the early time point (71/~ minutes). 

In one of the 20-minute time points, the various 
ethanol solutions were pooled and concentrated. 
Carrier protein (albumin) was added to the con- 
centrate, which was subsequently submitted to chem- 
ical fractionation. The radioactivity present had the 
following characteristics: 30 per cent of it was ex- 
tractable with chloroform; 60 per cent was soluble 
in cold TCA; and the remaining 10 per cent was 
precipitable with cold TCA. We conclude that the 
largest fraction of the material lost during fixation 
and embedding consisted of low molecular weight 
materials, whereas a smaller fraction possibly came 
from lipids and very little from finished proteins. 

4. PROBABLE ABSENCE OF A RAPID TURNOVER 

There is no evidcnce in Tables I and II for a rapid 
turnover of newly synthesized proteins since in that 
case the specific radioactivity of the acid-insoluble 
fraction would be expected to decrease with time. 
Yet the data do not eliminate completely a fast turn- 
over: they make it, however, dependent on an un- 
likely condition, namely the preferential re-utilization 
of breakdown products within the cell. 

B. Morphology 

Thc finc structurc of thc pancrcat ic  cxocrine 
cell has often been described. Its general features 
are fairly constant for all mammal ian  species so far 
studied, i.e., the mouse (23-25), rat  (26), guinea 
pig (I), cat (32), and man (27). 

The basal region of the cell is occupied by the 
nucleus, mitochondria,  and a large number  of 
preferentially oriented, rough surfaced cisternae of 
the endoplasmic reticulum. The apical region 
contains, especially in starved animals, numerous 
zymogen granules, interspersed with a few rough 
surfaced elements of the endoplasmic reticulum. 
In between these two regions, on the apical side 
of the nucleus, there is a well developed centro- 
sphere or Golgi zone, centered by two centrioles 
and occupied by numerous smooth surfaced 
vesicles, cisternae, and vacuoles, i.e. the typical 
components  of a Golgi complex. 

FIGURE 4 Five minutes after the injection of leucine-4,5-H 3. The Golgi region of an 
exocrine cell. At this time point, the grains present over this region are found mostly over 
the clusters of smooth surfaced vesicles located at the periphery of the complex. A few 
grains mark small vacuoles with a light content situated towards the center of the complex. 
Vacuoles partially filled with dense material are free of label. )< 40,000. 
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The vesicles measure 40 to 60 m~ in diameter,  
have a relatively homogeneous content of moder- 
ate density and occur in large agglomerations at 
the periphery of the complex in close juxtaposition 
to the rough surfaced cisternae of the endoplasmic 
reticulum. Occasionally such smooth surfaced 
vesicles are found in continuity with rough sur- 
faced cisternae. Cisternal elements of intermediate 
appearance--par t  rough and part smooth- -are  
encountered in the same location (9). Junct ional  
elements between the rough and smooth surfaced 
parts of the endoplasmic reticulum have been 
described in many cell types (28-30). In the 
exocrine pancreatic cell they join rough surfaced 
cisternae to smooth surfaced elements of the Golgi 
complex and are usually located along the convex 
periphery of the centrosphere region, mostly on 
the basal side (9). 

Flattened smooth surfaced cisternae, stacked 
parallel to one another in small compact piles, are 
generally present in normally fed animals, but 
become rarer in our experimental conditions, 
which are characterized by a high rate of protein 
synthesis for secretion (3, 4). Under  these con- 
ditions, the most conspicuous elements of the Golgi 
complex are its large vacuoles of irregular shape 
and usually central location. Their  content varies 
in density from very low to as high as that of the 
zymogen granules. It  consists of dense, hetero- 
geneous masses embedded in a light matrix. The 
varied appearances of these vacuoles can be 
fitted into a hypothetical series which starts from 
an "empty"  vacuole and leads to the formation of 
a mature zymogen granule, presumably by a 
process of progressive accumulation and concen- 
tration of secretory proteins. This hypothetical 
series has been the main argument for the re- 
peatedly advanced, but experimentally unproved 
postulate that zymogen granules are formed in the 
Golgi complex (24, 31, 47, 48). For reasons to be 
given in the course of this article, we propose to 
give to the large vacuoles of the Golgi complex 
the general name of condensing vacuoles. The smooth 
surfaced elements of the Golgi complex are fre- 

quently grouped in blocks separated from one 
another by "streamers" of rough surfaced elements 
and free ribosomes. Finally, a varied number of 
mature or nearly mature zymogen granules are 
encountered in the Golgi zone, as well as a few 
granules of similar size and shape but with a 
content of low density. 

In autoradiographs at the light microscope level, 
the basal and apical regions of the cell are readily 
identified, whereas the identification of the centro- 
sphere region is more difficult, often uncertain. 
Boundaries among the three regions are necessarily 
arbitrary. In electron microscopical autoradio- 
graphs, the identification of every region and of 
the major components in each region is easily and 
reliably achieved. 

C. Autoradiography  

1. LIGHT MICROSCOPIC AUTORADIOGRAPHY 

ACINAR CELLS: A general survey of the time 
course of the displacement of label within the 
exocrine cells was carried out at the light micro- 
scope level using autoradiographs of thin ( ~ 0 . 4  #) 
sections of methacrylate-embedded material ex- 
amined in the phase contrast microscope. Thirty- 
two animals were used and specimens of their 
pancreas collected and examined by autoradi- 
ography at 20 time points ranging from 4 minutes 
to 15 hours after the injection of the label. The 
time sequence thus established can be divided into 
four major periods: 

(a) 4 to 10 minutes: Most of the grains are found 
over the basal part of the cell, to the exclusion of 
the nucleus. A few grains appear in the centro- 
sphere region and a few others among zymogen 
granules. Intracisternal granules, when present, 
are not labeled. No label is found in the acinar 
lumen. 

(b) IO to o90 minutes: Only a few grains remain in 
the basal region, whereas the bulk of the label 
appears concentrated in the centrosphere zone 
(Fig. 2). A few granules, similar in appearance to 
zymogen granules but situated in the centrosphere 

]~IGURE 5 Twenty minutes after injection. The incorporated label has migrated from the 
rough surfaced endoplasmic retieulum, now almost completely free of radioactivity, to the 
Golgi complex. Most of the grains are located over condensing vacuoles (cv) at various 
stages of maturity. The peripheral clusters of small, smooth surfaced vesicles have much 
less activity at this time point. X ~6,000. 
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region, are heavily labeled. The bulk of the 
zymogen granules contains little label. The intra- 
cisternal granules, the nucleus and the lumen re- 
main mostly unlabeled. 

(c) 30 to 60 minutes: A large fraction of the label 
remains in the centrosphere region but a few 
heavily labeled zymogen granules can be found in 
the apical region. Other  structures are weakly or 
not labeled. Toward the end of this period, the 
number  of grains present over the centrosphere 
zone becomes comparable to that  of grains present 
over zymogen granules in the apical region. 

(d) 60 minutes to 15 hours: The centrosphere zone 
loses its label, whereas more zymogen granules 
become labeled. At all times it is clear that only a 
fraction of the granules is labeled (that is to say, 
the distribution of grain counts over the granules 
does not follow a Poisson distribution (33) although 
labeled granules can now be found in all parts of 
the apical region). At 2 to 3 hours most of the label 
has moved to zymogen granules and some labeI 
begins to appear in the lumina of acini and ducts. 
The situation remains the same until the last time 
point examined (15 hours), with a gradual de- 
crease in the over-all radioactivity. 

EXPERIMENTAL VARIANTS: In a few cases 
the animals were fed ad libitum instead of going 
through a period of fasting. The  sequence of 
events and its t iming remained identical. In other 
experiments the label was injected intra- 
peritoneally instead of intravenously. In these 
cases the general picture remained unchanged but 
the differences between various t ime points were 

less pronounced. At the earlier t ime points (shorter 

than 2 hours) it was also found that  the locali- 

zations described were not well defined. This is 

probably due to a gradual penetration of label into 

the blood stream and consequently to a lengthen- 

ing of the period during which the label is available 

to the cell. 

OTHER CELLS: By comparison to the exo- 

crine cells, the other cellular elements of the 

pancreas show little activity. In  particular the islet 

cells, the centroacinar cells, and the duct cells are 

found to have only very low levels of incorporation. 

~. ELECTRON MICROSCOPIC AUTORADIOGRAPHY 

Using the t ime sequence established by light 
microscopic autoradiography for the int racdlular  
transport of secretory proteins, we selected a small 
number of time points, judged as the most sig- 
nificant, for a more detailed study at the electron 
microscope level. We shall present here the results 
obtained for five t ime points: 5 minutes (4 minutes 
plus 1 minute chaser), 6 minutes, 20 minutes, 45 
minutes, and 4 hours. 

A) 5 MINUTES (4 MINUTES PLUS i MINUTE 
CHASER): AS illustrated in Fig. 3, a large frac- 
tion of the grains appears over cell regions 
occupied mainly by rough surfaced dements  
of the endoplasmic reticulum. Qualitatively it 
seems that a number of these grains are associ- 
ated with distended cisternae of the reticulum; 
hence they might be due to decays occurring in 
the cisternal content. 

A lesser proportion of the grains is associated 
with the Golgi complex. As shown in Fig. 4, 
these grains are located more specifically over the 
clusters of small, smooth surfaced vesicles at the 
periphery of the complex. A few grains are found 
over condensing vacuoles which have a content of 
low density. Almost no grains are associated with 
partially filled condensing vacuoles. Other  cellular 
structures are mostly unlabeled. 

a) 6 MINUTES: The situation remains similar. 
Grain counts (see later) show a slight increase in 
the concentration of grains over the clusters of 
small, smooth surfaced vesicles at the periphery of 
the Golgi complex, and over condensing vacuoles 
with a light content. 

G) 20 MINUTES: A drastic and rapid change 
has occurred in the elapsed 14 minutes (Fig. 5). 
The rough surfaced elements of the endoplasmic 
reticulum are now practically free of label, while 
almost all the grains are over structures of the 
Golgi complex. Most of these grains are on 

partially filled condensing vacuoles (Figs. 5 to 8), 

while only a few appear over other elements of the 

complex. Other  cellular structures are mostly un- 

labeled. 

D) 4-5 MINUTES: The situation is intermediate 

FIGURES 6, 7, 8 Twenty minutes after injection. These micrographs show the high 
concentration of radioactivity, at this time, over the condensing vacuoles of the Golgi 
complex. Fig. 6: X ~9,000. Fig. 7: X ~9,000. Fig. 8: X ~6,000. 
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between the 20-minute and 4-hour time points. 
The grain counts were too low to include in Table 
IV, but  they were approximately equally divided 
between condensing vacuoles and zymogen gran- 
ules. 

E) 4 HOURS: Another drastic change in locali- 
zation has occurred: the label is now almost en- 
tirely confined to zymogen granules (Fig. 9), while 
the elements of the Golgi complex are mostly free 
of autoradiographic grains. Occasionally it is 
possible to see the discharge of a labeled granule 
by a process previously described: fusion of its 
membrane with the cell membrane at the lumen 
and ejection of the granule's content (Figs. 10 and 
11). Labeled dense material is also found in the 
lumina of the pancreatic ducts (Fig. 12). 

It  should be pointed out that in electron micro- 
scopical, as in light microscopical autoradi- 
ography, intracisternal granules were found un-  
labeled at all time points examined. 

Q U A N T I T A T I V E  R E S U L T S :  Autoradiographic 
grains were counted, as described above, on 
the various preparations. The reproducibility 
of such counts has been established in an earlier 
publication (10). The results are shown in Tables 
IV and V. 

D I S C U S S I O N  

In a comprehensive series of cytochemical studies, 
Siekevitz and Palade have investigated: (a) the 
distribution of secretory proteins (digestive en- 
zymes) among pancreatic cell fractions (2) ; (b) the 
variations in the distribution of these enzymes 
caused by starvation or feeding (3) ; (c) the kinetics 
of leucine-l-C 14 incorporation into the mixed 
proteins (4), as well as into a specific protein, the 
zymogen o~-chymotrypsinogen (6), of these cell 
fractions. As a result of these studies, they proposed 
a general hypothesis concerning the synthesis and 
subsequent intracellular transport and storage of 
digestive enzymes. According to this hypothesis, 
the secretory proteins are synthesized on the 
ribosomes attached to the membrane of the rough 
surfaced cisternae of the endoplasmic reticulum; 
they are subsequently transferred into the intra- 
cisternal space through which they travel to the 
Golgi region, where they are concentrated in 
membrane-bounded vacuoles, which thereby be- 

come zymogen granules. These move away from 
the Golgi zone, and accumulate progressively in 
the apical region of the cell, awaiting to be released 
in the glandular lumina following a subsequent 
food intake. 

The beginning and the end of this postulated 
cycle have been satisfactorily established, for these 
authors (6) were able to isolate, from the ribosomes 
attached to the membranes of the endoplasmic 
reticulum, c~-chymotrypsinogen with a specific 
radioactivity higher than in any other cell fraction, 
1 to 3 minutes after the injection of leucine-C 14. 
Forty-five minutes later, the chymotrypsinogen 
had the highest specific radioactivity in the 
zymogen granule fraction. The synthesis of ex- 
portable proteins on ribosomes is in agreement 
with current views on protein synthesis (35, 36) 
and is supported by the works of Korner (37), 
Takanami  (38), and Kirsch et al. (39), who 
showed that ribosomes detached from microsomal 
membranes can incorporate in vitro labeled amino 
acids into their proteins. 

The intracellular storage of digestive enzymes 
in the form of zymogen granules was postulated 
more than 80 years ago by Heidenhain (40, 41) 
and recently confirmed by Keller et al. (42) and 
by Greene et al. (43). The latter isolated a reason- 
ably pure zymogen granule fraction from bovine 
pancreatic homogenates and showed that it con- 
tained the same zymogens and enzymes as the 
bovine pancreatic juice, and that the relative 
concentration of these various proteins was similar 
in the two preparations (granules and juice). 

The transfer of the newly synthesized proteins 
from the ribosomes to the intracisternal space was 
inferred, in the work of Siekevitz and Palade, from 
the high proteolytic and RNase activities of the 
microsomal subfraction which contained intra-  
cisternal granules, and from a possible precursor~  
product relationship between ribosomal and intra-  
cisternal radioactive a-chymotrypsinogen. The 
findings related to the last point, however, are not 
subject to one interpretation only, since the corre- 
sponding microsomal subfractions were most prob- 
ably contaminated by elements of the Golgi 
complex. The other stages of the process and, in 
particular, the passage through the Golgi complex, 

FIGURES 7 AND 8 For description see p. 484. 
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were assumed on the basis of indirect evidence and 
as such were entirely speculative in character. 

In relation to the many uncertainties involved in 
this hypothesis, two basic shortcomings of the 
current methods of cell fractionation must be 
pointed out. One is that fractionation is never 
perfect; that is to say, no fraction is exclusively 
constituted by one cell component, but is con- 
taminated by other components of comparable 
size or density. Thus in the studies of Siekevitz 
and Palade, the nuclear and mitochondrial frac- 
tions were always heavily labeled but also heavily 
contaminated with other cellular elements (e.g. 
zymogen granules, microsomes). It was, therefore, 
impossible to determine without ambiguity which 
proportion of the label was associated with the 
main component of the fraction and which with 
its contaminants. The second shortcoming is in- 
complete fractionation. In particular, and of most 
import to this study, the Golgi complex did not 
appear in any recognizable form among the 
various fractions. Furthermore, because of the 
pleomorphic appearance of its components, there 
is little hope that all the elements of the complex 
could be isolated in a single fraction. The work of 
Greene et al. (43) reveals that the zymogen granule 
fraction contains structures similar to the con- 
densing vacuoles of the Golgi complex. Similarly, 
the "microsome" fractions of Siekevitz and Palade 
contained some smooth membrane elements, most 
probably originating also in the Golgi complex. It 
seems likely, therefore, that the condensing 
vacuoles are distributed among various fractions 
mainly according to their density, that is to say, 
according to their content. Since, as was already 
shown in our earlier work (45, 46, 9), these 
vacuoles contain, at certain times after injection, 
most of the label in the cell and have, therefore, 
an enormous specific activity, any interpretation 
based on the results of fractionation studies alone 
would be erroneous. The present autoradiographic 
study was, therefore, started in an effort to clarify 
some of the many problems left unsolved by the 
studies mentioned. 

The results obtained at the light microscope 
level gave us a general idea of the movement of 
label through the regions of the cell and were 

particularly useful in establishing a precise time 
sequence of events. The results agreed in general 
with the scheme being tested. Thus we found the 
label predominantly in the basal part of the cell a 
few minutes after injection; in the centrosphere 
region (which, we know, contains the Golgi 
complex) 15 to 20 minutes later; and in the 
zymogen granules 1 to 4 hours later. In their 
general aspects our results also agreed with earlier 
autoradiographic studies. Hansson (8), for instance, 
has shown the early presence of incorporated 
labeled amino acids in the cytoplasm of the cell 
and their concentration at later times around the 
acinar lumina. In a recent paper Warshawsky and 
Leblond (44) obtained similar results and showed 
in addition that the proximal zymogen region 
becomes labeled before the apical region. From 
this finding they postulated an involvement of the 
Golgi complex in the process of formation of these 
granules. 

In our experiments a higher autoradiographic 
resolution was already attained at the light 
microscope level. It was improved in space by the 
use of thin sections and thin emulsion films (10) 
and, in time, by the use of pulse labeling obtained 
by intravenous, rather than intraperitoneal in- 
jection of the label. Under these conditions, we 
were able to demonstrate a well defined third 
stage, i.e., the concentration of label within the 
centrosphere region, prior to the labeling of the 
zymogen granules (45, 46) (Fig. 2). Yet such 
studies, at the light microscope level, can at best 
indicate the presence of label within a certain 
region of the cell; they cannot, because of their 
low resolution, restrict the localization of the label 
to a given cell organ. For this further step the 
electron microscopic studies were indispensable. 

The results obtained by electron microscopical 
autoradiography confirm, at least qualitatively, 
the early association of the label with the cavities 
of the rough surfaced cisternae of the endoplasmie 
reticulum. They suggest that the newly synthesized 
proteins are rapidly transferred from the rough 
endoplasmic reticulum to the small smooth vesicles 
at the periphery of the Golgi complex. An absolute 
proof of this transfer cannot, however, be given by 
autoradiography alone. We can use the data on 

FIGURE 9 Four hours after injection. The grains are now associated with mature zymogen 
granules. X ~4,000. 
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the relative distribution of incorporated label 
(Table IV), combined with those on the relative 
amount of the total label incorporated into pro- 
teins (Table III), to show that some of the label 
present in the rough endoplasmic reticulum at 5 
minutes has left it and has appeared in the Golgi 
complex at 20 minutes. But we cannot say that all 
the label follows the same pathway, since some 
uncertainty is introduced in the data by the length 

contradicted by none of the known facts. Any 
other explanation of the autoradiographic results 
would involve multiple mechanisms for protein 
synthesis and much more complex pathways. 
Since we are dealing essentially with a single class 
of proteins, such multiplicity and complexity are 
unlikely. 

Our results give direct experimental evidence on 
the role of the Golgi complex in the secretory 

l~atmE 10 Four hours after injection. Labeled granule discharging its contents into the lumen (L). 
X ~3,000. 

of the intracellular pulse (too long when compared 
to the speed of the events under study) and by the 
probable presence of some non-specific binding of 
free leucine during fixation (as evidenced by the 
discrepancy between the amounts of label removed 
by cold TCA and by fixation). The transfer of 
newly synthesized proteins from the rough sur- 
faced endoplasmic reticulum to the Golgi complex 
remains, however, a reasonable assumption: it 
explains satisfactorily our results, as well as those 
of Siekevitz and Palade (4, 6); fits well currently 
accepted notions on protein synthesis (35); and is 

process. They demonstrate convincingly the ac- 
cumulation of secretory products and their pro- 
gressive concentration, possibly by water with- 
drawal, in the large vacuoles centrally located in 
the Golgi complex, and show that this concen- 
tration leads to the formation of zymogen granules. 
These elements thus deserve the name of con- 
densing vacuoles already introduced under Re- 
sults. Less well established is the role played by the 
small vesicles. They might function as shuttle 
carriers between the part rough and part smooth 
elements of the endoplasmic reticulum and the 
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condensing vacuoles. At any rate, it is reasonably 
clear that they are an intermediate stage, for the 
location of at least a major part of newly made 
proteins, between the rough surfaced endoplasmic 
reticulum and the condensing vacuoles. There is 
little uncertainty regarding the last stages of the 
process: the migration of the mature zymogen 
granules from the Golgi complex to the apical 
region of the cell; their stability in that region, 

Golgi complex plays an important role in the 
economy of membranous systems of the cell. 

Our results agree in general with those obtained 
by cell fractionation studies (4, 6). The timing of 
the sequence of events has been, of course, modified 
by the introduction of an intermediate step 
between microsomes and zymogen granules, i.e. 
the passage through the Golgi complex. In particu- 
lar, it is clear now that the labeling of the zymogen 

~IGURE 11 Four hours after injection. Apical part of a cell showing various stages in the discharge of 
labeled material. L, aeinar lumen. X ~,000. 

that is to say, the lack of exchange of label between 
granules; and the eventual discharge of their 
content in the acinar lumen. As a consequence of 
the process described, the membrane of a Golgi 
vacuole becomes the limiting membrane of a 
zyrnogen granule. During the discharge of the 
granule contents into the acinar lumen, this 
membrane can be seen to fuse and become con- 
tinuous with the cell membrane (34). Some pos- 
sible consequences of these observations have been 
considered by Palade (34). It seems likely that the 

granule fraction, at times as early as 20 minutes, 
was most probably due to the contamination of 
that fraction by partially filled condensing vacuoles 
(cf. 43). Similarly, it seems, as was already postu- 
lated by Siekevitz and Palade (6), that the 
labeling of nuclear and mitochondrial fractions 
was spurious and due to contamination since 
nuclei and mitochondria account only for a small 
and constant proportion of the label (Table IV). 

Our results leave in doubt the functional sig- 
nificance of the intracisternal granules, i.e. the 
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relatively large dense bodies found within the 
rough surfaced cisternae of the exocrine cell (49). 2 
These granules were shown to contain digestive 
enzyme and zymogens in high concentrations (3) 
and were assumed to represent an early inter- 
mediary step in the secretory process, on the basis 
of kinetic data  on the in vivo incorporation of 
leucine-l-C x4 into the a-chymotrypsinogen of a 
series of microsomal subfractions (6). These data  

label was found associated with intracisternal 
granules at any of the time points examined. 
Moreover, our results show that, at the time of the 
assumed cross-over, most of the label had already 
reached the condensing vacuoles of the Golgi 
region and, therefore, strongly suggest that  the 
kinetic data  obtained by cell fractionation reflect 
the contamination of the "heavy"  microsomal 
subfraction by elements of the Golgi complex. 

FIaURE 1~ Four hours after injection. Labeled secretion material in a pancreatic duct. X 17,000. 

were compatible with a precursor ~ product re- 
lationship between the zymogen of a subfraction 
consisting almost exclusively of ribosomes and that 
of another ("heavy")  subfraction rich in intra- 
cisternal granules: the corresponding curves 
crossed over between 15 and 45 minutes after the 
injection of the tracer. In our autoradiographic 
experiments, however, no significant amount  of 

2 These granules represent an almost exclusive pe- 
culiarity of the pancreatic exocrine cell of the guinea 
pig; they are absent or only occasionally present in 
the exocrine cells of other species (9, 49). 

More recent studies (9) have pointed out the 
absence of intracisternal granules from a sizeable 
proportion of exocrine cells, the difficulty of con- 
trolling their formation by variations in feeding 
schedule, their frequent accumulation in the rough 
surfaced or intermediate cisternae found at the 
periphery of the Golgi region, and their inability 
to reach the elements of the Golgi complex in a 
morphologically recognizable form. These findings 
led to the assumption that the intracisternal 
granules are the result of a block in the intra- 
cellular transport of secretory proteins from rough 
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T A B L E  IV 

Distribution of Grain Counts over Various Cellular Structures at Different Times after 
Injection of DL-Leucine-4,5-H a 

Time after 
Ergasto- Zymogen Mitochon- Total grain 

Label Chaser plasm* Golgi region granules Nucleus dria count 

min min per cent per cent per cent per cent per cent 

4 1 67 27 1 2 3 557 
6 - -  53 39 2 5 1 157 

20 - -  11 73 10 3 3 518 
240 - -  11 10 73 4 2 167 

* Rough surfaced endoplasmic reticulum and surrounding cytoplasmic matrix.  

T A B L E  V 

Distribution of Grain Counts over the Various 
Components of the Golgi Complex at Two 
Times after Injection of DL-Leucine-4,5-H 8 

Time after Condensing vacuoles 

Light Dense 
Label Chaser Small vesicles content  content 

rain. rain. per cent per cent per cent 

4 1 51 42 7 
20 - -  24 15 61 

surfaced cisternae to condensing vacuoles (9). The 
results here reported are compatible with this 
view. In  any case, they definitely indicate that  the 

intracisternal granules are not an obligatory step 
in the formation of zymogen granules. Their  
connections with the secretory process and their 
exact position on the t imetable of the intracellular 
t ransport  of secretory proteins remain to be 

clarified by future work. 

This work was supported by a grant from the National 
Science Foundation. 

Received for publication, June 25, 1963. 

B I B L I O G R A P H Y  

1. PALADE, G. E., and SIEKEVITZ, P., Pancreatic 
microsomes. An integrated morphological and 
biochemical study, or. Biophysic. and Biochem. 
Cytol., 1956, 2, 671. 

2. SI~KEVXTZ, P., and PALADE, G. E., A cytochemical 
study on the pancreas of the guinea pig. I. 
Isolation and enzymatic activities of cell frac- 
tions, 3". Biophysic. and Biochem. Cytol., 1958, 4, 
203. 

3. SIEKEmTZ, P., and PALADE, G. E., A cytochem- 
ical study o n  the pancreas of the guinea pig. 
II. Functional variations in the enzymatic ac- 
tivity of microsomes, J.  Biophysic. and Biochem. 
Cytol., 1958, 4, 309. 

4. SmKEVITZ, P., and PALADE, G. E., A cytochemical 
study on the pancreas of the guinea pig. III. 
In vivo incorporation of leucine-l-C 14 into the 
proteins of cell fractions, J.  Biophysic. and Bin- 
chem. Cytol., 1958, 4, 557. 

5. SIEKEVITZ, P., and PALADE, G. E., A cytochemical 
study on the pancreas of the guinea pig. IV. 
Chemical and metabolic investigation of the 

ribonucleoprotein particles, J.  Biophysic. and 
Biochem. Cytol., 1959, 5, 1. 

6. SIEKEVITZ, P., and PALADE, G. E., A cytochemical 
study on the pancreas of the guinea pig. V. 
In vivo incorporation of leucine-l-C 14 into the 
chymotrypsinogen of various cell fractions, 
J.  Biophysic. and Biochem. Cytol., 1960, 7, 619. 

7. SIEKEVITZ, P., and PALADE, G. E., A cytochem- 
ical study on the pancreas of the guinea pig. 
VI. Release of enzymes and ribonucleic acid 
from ribonucleo-protein particles, J.  Bin- 
physic, and Biochern. Cytol., 1960, 4, 631. 

8. HANSSON, E., The formation of pancreatic juice 
proteins studied with labeled amino acids, 
Acta Physiol. Scand., 1959, 46, suppl., 161. 

9. PALADE, G. E., SIEKEVITZ, P., and CARO, L. G., 
Structure, chemistry and function of the 
pancreatic exocrine cell, in Ciba Foundation 
Symposium on the Exocrine Pancreas, (A. V. 
S. de Reuck and M. P. Cameron, editors), 
London, J. A. Churchill, Ltd., 1962, 23. 

10. CARO, L. G., and VAN TUBERGEN, R. P., High 

L. G. CAnO AND G. E. PALADE Protein 8yntheeis in Pancreatic Exocrine Cell 493 



resolution autoradiography. I. Methods, J .  
Cell Biol., 1962, 15, 173. 

11. CARO, L. G., High resolution autoradiography. 
II.  The problem of resolution, J.  Cell Biol., 
1962, 15, 189. 

12. PEASE, D. C., Histological Techniques for Elec- 
tron Microscopy, New York, Academic Press, 
Inc., 1960. 

13. GIBBONS, I. R., and GRIMSTONE, A. V., On 
flagellar structure in certain flagellates, J .  
Biophysic. and Biochem. Cytol., 1960, 7, 697. 

14. KARNOVSKY, M. J.,  Simple methods for "stain- 
ing with lead" at high pH in electron micros- 
copy, J.  Biophysic. and Biochem. Cytol., 1961, 
11,729. 

15. REVEL, J .  P., and HAY, E. D., Autoradiographic 
localization of DNA synthesis in a specific 
ultrastructural component of the interphase 
nucleus, Exp. Cell Research, 1961, 25, 474. 

16. FRIEDBERG, F., and QREENBERG, D. M., Partition 
of intravenously administered amino acids in 
blood and tissue, J .  Biol. Chem., 1947, 168, 
411. 

17. BoRsoox, H., ])EASY, C. L., HAAGEN-SMIT, A.J . ,  
KEIGHLEY, G., and LowY, P. H., Metabolism 
of C14-1abeled glycine, L-histidine, L-leucine 
and L-lysine, J.  Biol. Chem., 1950, 187, 839. 

18. EL HASSAN, M., and GREENBERG, D. M., Dis- 
tribution of label from metabolism of radio- 
active leucine, norleucine and norvaline in 
tissues, excretia, and respiratory carbon di- 
oxide, Arch. Biochem. and Biophys., 1952, 39, 129. 

19. ROBERTS, R. B., ABELSON, P. H., COWIE, D. B., 
BOLTON, T. E., and BRITTEN, R. J., Studies of 
biosynthesis in Escherichia coli, Carnegie Insti- 
tution of Washington, No. 607, Washington, 
1957. 

20. CARO, L. G., Cytological studies on Escherichia 
coil, Ph.D. thesis, Yale University, 1959. 

21. SCHOENHEIMER, R., RATNER, S., and RITTEN- 
nERO, D., Studies in protein metabolism. X. 
The metabolic activity of body proteins in- 
vestigated with 1 (--)-leucine containing two 
isotopes, J. Biol. Chem., 1939, 130, 703. 

22. RATNER, S., SCHOENHEIMER, R., and RITTEN- 
BERG, D., Studies in protein metabolism. 
XI I I .  The metabolism and inversion of d ( + ) -  
leucine studied with two isotopes, J. Biol. 
Chem., 1940, 134, 653. 

23. SJOSTRAND, F. S., and HANZON, V., Membrane 
structures of cytoplasm and mitochondria in 
exocrine cells of mouse pancreas as revealed 
by high resolution electron microscopy, Exp. 
Cell Research, 1954, 7, 393. 

24. SJ/SSWRAND, F. S., and HANZO~, V., Ultrastruc- 
ture of Golgi apparatus of exocrine ceils of 

mouse pancreas, Exp. Cell Research, 1954, 7, 
415. 

25. SJOSTRAND, F. S., and HANZON, V., Electron 
microscopy of the Golgi apparatus of the 
exocrine pancreas cells, Experient?a, 1954, 10, 
366. 

26. EKHOLM, R., ZELANDER, T., and EDLUND, Y., 
The ultrastructural organization of the rat  
pancreas. I. Acinar cells, J.  Ultrastruct. Re- 
search, 1962, 7, 61. 

27. EKHOLM, R., and EDLUND, Y., Ultrastructure of 
the human exocrine pancreas, J.  Ultrastruct. 
Research, 1959, 2, 453. 

28. PALAY, S. L., and PALADE, G. E., The fine struc- 
ture of neurons, J.  Bzophysic. and Biochem. 
Cytol., 1955, 1, 69. 

29, PALADE, G. E., The endoplasmic reticulum, 
J.  Biophysic. and Biochem. Cytol., 1956, 2, No. 4, 
suppl., 85. 

30. HAOUENAU, F., The ergastoplasm: its history, 
ultrastructure and biochemistry, Internat. Rev. 
Cytol., 1958, 7, 425. 

31. FARQUHAR, M. G., and WELLE~GS, S. R., Elec- 
tron microscopic evidence suggesting secretory 
granule formation within the Golgi apparatus, 
J.  Biophysic. and Biochem. Cytol., 1957, 3, 319. 

32. SJ6STRANr), F. S., The fine structure of the exo- 
crine pancreas cell, in Ciba Foundation Sym- 
posium on the Exocrine Pancreas, (A. V. S. 
de Reuck and M. P. Cameron, editors), Lon- 
don, J .  A. Churchill, Ltd., 1952, 1. 

33. CARO, L. G., Localization of macromolecules in 
Escherichia coll. I. DNA and proteins, J.  BiG- 
physic, and Biochem. Cytol., 1961, 9, 539. 

34. PALADE, G. E., Functional changes in the struc- 
ture of cell components, in Subcellular Par- 
ticles, (T. Hayashi, editor), New York, Ronald 
Press Company, 1959, 64-83. 

35. HOAGLAND, M. B., The relationship of nucleic 
acid and protein synthesis as revealed by 
studies in cell-free systems, in The Nucleic 
Acids, (E. Chargaff, and J.  N. Davidson, 
editors), New York, Academic Press, Inc., 
1960, 3, 349~l~08. 

36. Ts'o, P. O. P., The ribosomes ribonucleoprotein 
particles, Ann. Rev. Plant Physiol., 1962, 13, 
45. 

37. KORNER, A., Incorporation in vitro of carbon-14- 
labeled amino acids into proteins of rat  liver 
microsomal particles, Biochim. et Biophysica 
Avta, 1959, 35, 554. 

38. TAKANXMI, M., Stable ribonucleoprotein for 
amino acid incorporation, Biochim. et Bio- 
physica Acta, 1960, 39, 318. 

39. Kmscn, J.  F., SIEKEVITZ, P., and PALADE, G. E., 
Amino acid incorporation in vitro by ribo- 
nucleoprotein particles detached from guinea 

494 THE JOURNAL OF CELL BIOLOGY • VOLUME g0, 1964 



pig liver microsomes, J. Biol. Chem., 1960, 235, 
1419. 

40. HEIDEN~AIN, R., Beitr~ige zur Kentniss der Pan- 
creas, Arch. ges. Physiol., 1875, 10, 557. 

41. HEmENHAIN, R,, Die Bauspeicheldrtise, in Hand- 
buch der Physiologic, (L. Hermann, editor), 
Leipzig, Vogel, 1883. 

42. KELLER, P. J.,  and COX-raN, E., Enzymic com- 
position of some cell fractions of bovine pan- 
creas, J. Biol. Chem., 1961, 236, 1407. 

43. GREENE, L. J., H~RS, C. H. W., and PALADE, 
G. E., On the protein composition of bovine 
pancreatic zymogen granules, J. Biol. Chem., 
1963, 238, 2054. 

44. WARSHAWSKY, H., LEBLOND, C. P., and DROZ, B., 
Synthesis and migration of proteins in the cells 
of the exocrine pancreas as revealed by specific 
activity determination from radioautographs, 
J. Cell Biol., 1963, 16, I. 

45. CARO, L. G., Electron microscopic radioautog- 
raphy of thin sections : the Golgi zone as a site 
of protein concentration in pancreatic acinar 
ceils, J. Biophysic. and Biochem. Cytol., 1961, 
10, 37. 

46. CARO, L. G., and PALADE, G. E., Le rSle de 
l'appareil de Golgi dans le processus s~crdtoire. 
Etude autoradiographique, Compt. rend. Soc. 
biol., 1961, 155, 1750. 

47. PALADE, G. E., The secretory process of the 
pancreatic exocrine cell, in Electron Micros- 
copy in Anatomy, London, Edward Arnold, 
Ltd., (Boyd, J.  D., Johnson, F. R., Lever, J.  D., 
editors), 1961, 176-206. 

48. PALAY, S. L., The morphology of secretion, in 
Frontiers of Cytology, (Palay, S. L. editor), 
New Haven, Yale University Press, 1958. 

49. PALADE, G. E., Intracisternal granules in the 
exocrine cells of the pancreas, J. Biophysic. and 
Bioehem. Cytol., 1956, 2, 417. 

L. G, Cxao AND G. E. PALADE Protein Synthesis in Pancreatic Exocrine Cell 495 


