
Protein Transport by the Pancreas 

The current paradigm is analyzed and an 
alternative hypothesis is proposed. 

S. S. Rothman 

"By 1960, the story was quite clear: the 
digestive enzymes of the pancreas are syn- 
thesized in or on the ribonucleoprotein 
particles (ribosomes) and then sequestered 
in the cisternae (internal spaces) of the en- 
doplasmic reticulum for transport to stor- 
age sites preparatory to secretion," writes 
Keith Porter about the secretion of diges- 
tive enzymes by the pancreas in his scien- 
tific biography of George Palade in Sci- 
ence soon after Palade was awarded the 
Nobel prize in part for his studies of this 
process (1). Porter continues, the evidence 
"left no doubt as to the [means of] ... 
movement of pancreatic enzymes." These 
comments and similar ones indicate the 
general acceptance that the theory pro- 
posed by Palade and his colleagues some 
15 years ago presently enjoys. The experi- 
ments from which the theory was adduced 
are classics in biology and represent a pio- 
neering amalgam of anatomical and bio- 
chemical experimental approaches; and 
the theory itself has been instrumental in 
the formulation of many similar hypothe- 
ses for a wide range of systems that secrete 
organic molecules. Notwithstanding the 
importance of the experiments and impact 
of the theory, the available evidence is only 
consistent with their hypothesis; it does not 
offer conclusive proof for the existence of 
such a mechanism, nor does it exclude al- 
ternative interpretations of the data. 
Moreover, there are a growing number of 
observations which do not fit the theory 
and thus suggest the need for alternative 
hypotheses that may be able to account for 
more of the available data. 

This article, primarily a derivative of ob- 
servations and discussion in my laboratory 
over the past 10 years, was written before 
the publication of Palade's Nobel lecture 
(la) and hence without knowledge of its 
specific contents. In his lecture Palade 
essentially restated his well-known theory 
to explain how digestive enzymes are se- 
creted by the pancreas, a theory which he 
feels "has stood well the test of time." My 
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article addresses itself to this issue by 
examining the nature of the evidence for 
the current paradigm and introducing an 
alternative to this hypothesis. 

Briefly, the current form of the theory 
proposes that new peptide chains grow on 
ribosomes attached to the membrane of 
the endoplasmic reticulum and elongate di- 
rectly into its cisternal space through 
"pores" beneath the point of ribosomal at- 
tachment and are thus separated from the 
cytoplasm of the cell as they are synthe- 
sized. Subsequently, it is hypothesized, the 
completed secretory protein moves out of 
the endoplasmic reticulum in small 
smooth-surfaced vesicles formed as buds 
from the apical end of the reticular net- 
work. These vesicles are thought to travel 
into the Golgi region of the cell where they 
empty their contents into larger vesicles 
called condensing vacuoles or immature 
zymogen granules. Condensing vacuoles 
are thought to fill in this manner and be- 
come mature zymogen granules, the pri- 
mary enzyme-containing granule of the 
pancreas. Finally, it is proposed that, after 
filling, each granule migrates to the apex of 
the cell where its contents are secreted by 
exocytosis. In exocytosis the membrane of 
the intracellular granule that contains the 
product to be secreted (a secretion granule) 
fuses with the cell membrane producing a 
hole in both membranes through which the 
secretory product leaves the cell (Fig. 1) 
(2). 

Central tenents of the Cisternal 

Packaging-Exocytosis Theory 

As is the case with all relatively com- 
plicated theories, it is helpful to try to iden- 
tify the underlying elements of the cister- 
nal packaging-exocytosis theory. These in- 
clude the following: 

1) Sequestration. All new digestive en- 
zyme chains (i) are synthesized on ribo- 
somes attached to the membranes of the 

endoplasmic reticulum, (ii) elongate direct- 
ly into their cisternal spaces, and (iii) are 
released therein when the chain is com- 
pleted. 

2) The continuous isolation of the secre- 
tory protein from the cytoplasm. Having 
been sequestered, the new protein is kept 
exclusively within specialized intracellular 
membrane-bound compartments for the 
duration of its stay in the cell. Secretory 
proteins do not have access to the cy- 
toplasm from these intracellular com- 
partments. 

3) The fusion or fusion-fission of mem- 
branes. Membrane-membrane interactions 
lead to the transfer of protein from com- 
partment to compartment both within and 
out of the cell. If both hypotheses one and 
two are correct, so in all likelihood is this 
third hypothesis. How else could transfer 
occur? 

4) A series process. As in an electrical 
series, the various intracellular com- 
partments that contain digestive enzymes 
are in series with each other; that is, the se- 
cretory protein moves in sequence from 
ribosomes to cisternal space, to smooth- 
surfaced vesicles, to condensing vacuoles, 
to zymogen or secretion granules, and fi- 
nally to the duct lumen outside of the cell. 

5) Mass transport. The movement of 
enzyme within this system, either in the cell 
or across the cell membrane is an en masse 
process in which the variety of secreted 
proteins, probably between 20 to 30 differ- 
ent digestive enzyme species, are trans- 
ported at essentially the same rate in con- 
stant proportion to each other. As a corol- 
lary, the specific molecular structure of a 
digestive enzyme is for all intents and pur- 
poses unrelated to its rate of secretion. 

Assumptions 

Before considering the experimental evi- 
dence, there are two assumptions under- 
lying this theory that need discussion. Hy- 
potheses one and two are often assumed to 
be correct by proponents of the theory. 
That is, digestive enzyme is assumed, for 
two reasons, to be sequestered and contin- 
uously separated from the cytoplasm. 
First, it is argued, if digestive enzyme en- 
tered the cytoplasm, then the cell would be 
vulnerable to hydrolytic attack by these 
molecules. Second, since all the digestive 
enzymes are sequestered in cisternal spaces 
directly upon synthesis (a hypothesis that 
requires a closer look, as is discussed be- 
low) and since molecules of the size and 
"hydrophilic" character of the digestive 
enzymes cannot cross biological mem- 
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branes in molecular form (that is, pass 
through the substance of a membrane), 
such enzyme would not have an opportu- 
nity to enter the cytoplasm across intra- 
cellular membranes. In any event, even if 
it did, as the result of synthesis on free 
polysomes or release from attached ribo- 
somes into the cytoplasm, it could not exit 
the cell and would simply be trapped in the 
cytoplasm. 

The first reason (vulnerability) ignores 
what we already know of the cell's devices 
to protect against hydrolytic destruction; 
the presence in the cell of pancreatic tryp- 
sin inhibitor, chymotrypsin inhibitor, an 
elastase binding protein, and the fact that 
the proteases and perhaps other enzymes 
are present in an inactive form (so-called 
proenzymes). It also ignores the possibility 
that we may not know all there is to know 
about the cell's potential defense mecha- 
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nisms, for example, the presence of other 
inhibitors or the degradation of accidental- 
ly activated enzymes. But perhaps more 
important, it presumes without evidence 
that reticular membranes are safe from hy- 
drolysis while other components of the cell 
are not protected from this danger. 

The second reason (membranes are im- 
permeable to proteins) is a derivative of 
the classical membrane model which pro- 
poses that biological membranes contain a 
continuous lipid layer (or bilayer) at the 
core, which proteins cannot penetrate. 
While the evidence for this view has always 
been relatively fragile, although the view 
itself was quite imposing, today we are 
aware that the bilayer does not appear to 
be continuous but rather is broken by a 
mosaic of penetrating membrane proteins. 
Proteins not only apparently penetrate the 
membrane, but completely transect it in 
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Fig. 1. Two models for the secretion of digestive enzyme by the pancreas. (A) The cisternal pack- 
aging-exocytosis theory of Palade and his collaborators. The illustration shows how this theory ac- 
counts for the intracellular movement and secretion of digestive enzyme. The illustration is not to 
scale, but shows an approximate decrease of two orders of magnitude in magnification from the 
compartment on the left (the approximately 100-angstrom ribosome) to the zymogen granule com- 
partment on the right (the approximately 1-micrometer zymogen granule). The solid horizontal ar- 
rows indicate the vectorial transfer of the secretory proteins through a series of compartments as 
proposed by this theory. The digestive enzymes would be transferred sequentially through five com- 
partments (ribosomes, cisternal spaces, smooth-surfaced vesicles, zymogen granules, and duct 
lumens) and across four compartmental boundaries [the sequestration boundary, two intracellular 
transfer boundaries (into and out of smooth-surfaced vesicles), and the exocytosis boundary]. The lo- 
cation of each boundary is indicated by the vertical arrows below the figure. (B) An alternative 
hypothesis-an "equilibrium" or membrane transport system. In this model, digestive enzymes 
move bidirectionally through specialized membranes, so that digestive enzymes in various compart- 
ments can be in "equilibrium" with each other. The solid arrows indicate processes for which there is 
evidence. The cytoplasm of the cell is proposed as an important enzyme-containing compartment 
that acts both as a mixing chamber for digestive enzyme derived from other pools and as a direct 
precursor pool to secretion. The dots represent individual protein molecules and the varying density 
indicates that some compartments probably contain digestive enzymes in high concentrations 
(namely, the zymogen granules), while others may be dilute in this regard (perhaps the cytoplasm). 
The wavy line indicates that the "equilibrium" model does not preclude the possibility of a parallel 
cisternal packaging-exocytosis pathway. 
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some cases, exist immersed in a hydro- 
phobic milieu, and may well be able to en- 
ter this environment in intact membranes 
from the cytoplasm (3). Whether digestive 
enzymes can behave in a similar way to 
cross membranes is not now known, but 
this possibility certainly cannot be rejected 
out of hand. In any event, since the bilayer 
does not appear to be continuous, macro- 
molecules might be able to cross the mem- 
brane by any of various mechanisms which 
would not require that they first be "dis- 
solved" in a lipid layer. 

To conclude this point, neither danger of 
hydrolytic destruction from digestive en- 
zymes in the cytoplasm nor the exclusion 
of these proteins from the cytoplasm on 
the basis of permeability can be presumed 
a priori. To do so not only ignores evi- 
dence to the contrary, but assumes one hy- 
pothesis (vulnerability or impermeability) 
correct to prove another (the cisternal se- 

questration and continuous isolation of di- 
gestive enzyme from the cytoplasm). 

Nature of the Evidence 

The experimental evidence in support of 
the cisternal packaging-exocytosis theory 
can be found in great part in a single type 
of experiment. For the ensuing discussion 
it is called the prototypical experiment. It 
deserves to be singled out because experi- 
ments of this type have been central not 

only to tne development of the current con- 

cepts of digestive enzyme secretion, but 
also to the secretion of organic molecules 
in general. In this experiment, the newly 
manufactured secretory product is labeled 
with a marker (such as a radioactive amino 
acid for a protein product) ideally for a 

short, relatively defined period (a pulse), 
and the molecules thus tagged are then fol- 
lowed through the cell as a function of 

time, usually by one of two techniques 
thought to localize the product at specific 
subcellular loci. The first of these tech- 

niques involves cell fractionation, the sepa- 
ration of various more or less well-defined 
subcellular parts based on their relative 

density and size by means of centrifugal 
forces. The second technique is electron 

microscopic autoradiography in which the 
location of radioactively labeled com- 

pounds in thin tissue sections is estimated 
from the location of a trace (grain) pro- 
duced by emissions from the radioisotope 
on a film emulsion which overlies the sec- 
tion. 

For the secretion of protein by the pan- 
creas, the prototypical experiment (autora- 
diographic variety) demonstrates that new 
enzyme moves from the relatively ribo- 
some-rich basal part of the cell to the api- 
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cal secretory surface (2). Also, grains can 
be found at least under certain conditions 
to be accumulated over condensing vacu- 
oles at earlier times than over zymogen 
granules. This technique does not have the 
resolution to tell us, for example, whether 
or not the source of the trace in the basal 
part of the cell is molecules within the cis- 
ternal space or the cytoplasm-or both; or 
whether the source in the Golgi region of 
the cell is smooth-surfaced vesicles, the 
Golgi cisternae, or the cytoplasm. The pro- 
totypical experiment (cell fractionation va- 
riety), at least as usually reported (2), dem- 
onstrates that certain subcellular fractions 
accumulate new protein in a pattern 
wherein different pools reach peak specific 
radioactivities (labeled protein/total pro- 
tein) at different times (Fig. 2). This has 
been interpreted as evidence for the filling 
of these pools sequentially. 

Experiments of this type must be inter- 
preted cautiously, not simply because of 
the considerable technical difficulties in- 
volved-for example, in the redistribution 
of enzyme from one compartment to an- 
other as a result of tissue homogenization 
(4, 5)-but because caution is required in 
constructing dynamic functional hypothe- 
ses on the static, as well as often fragmen- 
tary, information obtained by these meth- 
ods. There are three general shortcomings 
of the prototypical experiment, at least as 
usually done, which should be of concern. 

1) The measure is cumulative. Both au- 
toradiography and cell fractionation tech- 
niques, as used, identify sites within the tis- 
sue where the product is accumulated. 
These measures of accumulation relate to 
the overall flux of molecules or transport 
rate in a complicated and uncertain man- 
ner. That is, the rate at which a molecule is 
moved through a given compartment may 
be relatively independent of the com- 
partment's size and is probably unrelated 
to its ability to concentrate the product. 

2) The measure is compartmentally dis- 
continuous. Since only the content of some 
of the cell's compartments can be or are 
assessed, it cannot be determined how 
molecules move from place to place. For 
example, if the cytoplasm of the cell is not 
accounted for in the measurement, then 
the observation that a peak of label moves 
from condensing vacuoles to zymogen 
granules as a function of time does not tell 
us whether the label moves directly from 
condensing vacuole to zymogen granule 
(two compartments) or whether it moves 
via the cytoplasm. Moreover, the more 
general possibility that each compartment 
is derived from a common third com- 
partment, such as the cytoplasm, and sim- 
ply fills at different rates is left open. 

3) The measure is usually qualitative. 
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rom which microsomes had cisternal granules, electron-opaque, pre- 
e specific radioactivity of the sumably enzyme-containing, particles 
*action remains relatively con- found within the cisternal spaces of guinea irse of the experiment as the 
irse of the experiment as the pig pancreas (8), and the fixing of ferritin- ity moves from microsome to labeled antibodies to certain digestive en- 

zymes over cisternal spaces (9). Intra- 
cisternal granules are apparently rather 

iount of protein made dur- rare and have not been observed in most 
often not determined and species; and, even in guinea pig pancreas 
itative distribution within where they were first described, they are 

be followed during the seen with uncertain frequency. The anti- 
)eriment, and therefore the body data may be the most convincing, but 
nnot be assessed. Quan- problems of the redistribution of protein 
)eriments is certainly pos- during the preparation of the tissue sec- 
t usually done. tions requires further study. In any event, 
ons indicate that the pro- even if enzyme is concentrated in the cis- 
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)sed by Palade and his co- pools such as the cytoplasm. 
theory is simply one ex- While some enzyme may well enter the 
se observations. cisternal space, enzyme also appears to be 
ts of the cisternal pack- released from the ribosomes into the cy- 
theory are considered in- toplasm. Direct evidence for this comes 

ows. from experiments by Redman, Siekevitz, 
and Palade (7) in which they studied the 
"vectorial" transfer of new digestive en- 
zyme after its synthesis on isolated micro- 
somes. New or labeled protein was recov- 

ptide chains pass into the ered in three compartments: the ribo- 
)f the endoplasmic retic- somes, the detergent-soluble material dis- 
, do all digestive enzyme cussed above, and the suspending medium. 
his pathway? The answers Presumably, if all of the enzyme was se- 
yes" to the first question questered in cisternal spaces, then no la- 
second. Several observa- beled enzyme would be recovered in the 

tent with the hypothesis medium. This was not the case. After the 
enters the cisternal space, addition of radioactive amino acids, sub- 
ne of these observations stantial amounts of labeled protein were 
problems. There are two recovered in the suspending medium (Fig. 

vidence. First, new protein 3). Redman et al. (7) dismissed this as 
ionribosomal elements of being due to the leakage of enzyme out of 
reticulum (more specifi- broken microsomal vesicles. However, the 

nal elements of micro- kinetics they observed are not consistent 
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with this interpretation. If enzyme had 
leaked out of broken microsomes, then the 
amount of protein in the medium should 
have increased with time as did the labeled 
protein content of the detergent-soluble 
material (cisternal space?): more time, 
more synthesis, more leakage since the 
pattern of labeling should mirror the be- 
havior of the detergent-soluble material. 
This did not occur. Rather, the concentra- 
tion of labeled protein in the medium 
reached a constant or steady-state value 
with a half-time of equilibration, moreover, 
that was similar to that seen for the incor- 

poration of label into ribosomal protein. 
This suggests that labeled protein entered 
the medium as the result of natural equi- 
libria between protein on ribosomes and in 
the medium (Fig. 3). 

If some of the enzyme released in this 
manner has access to a secretory process at 
the ductal surface of the cell (by diffusion) 
then small quantities of labeled protein 
should be recovered in secretion soon after 
labeled amino acids are added to the tissue. 
This is the case. Small amounts of labeled 
protein are secreted within 5 minutes of the 
addition of radioactive amino acids (the 
shortest period of time for which measure- 
ments could be made with any precision) 
(10). 

Complete and Continuous Isolation of 

Digestive Enzyme from Cytoplasm 

If new peptides are released directly into 
the cytoplasm, then obviously not all secre- 
tory protein can be isolated from it. Ex- 

periments by Liebow and myself indicate 
another site of particulate-cytoplasm inter- 
action (11). We found that digestive en- 

zymes in zymogen granules are in equilib- 
rium with enzyme in the surrounding me- 
dium across the granule membrane. Diges- 
tive enzyme in zymogen granules also 
equilibrate with labeled enzyme added to 
the medium suspending tissue slices with 

isotopic equilibration apparently occurring 
across the cell membrane, through the cy- 
toplasm, and across the granule membrane 

(11). Therefore, isolation does not seem to 
be either complete or continuous and di- 

gestive enzyme in the cytoplasm is prob- 
ably derived from at least two sources, 
ribosomes and zymogen granules. 

There is a wide range of other experi- 
mental evidence consistent with the idea 
that there is a cytoplasmic compartment of 

digestive enzyme (12) which includes the 
following observations: 

1) For certain enzymes and animal spe- 
cies a large percentage of the total enzyme 
content of pancreatic tissue is recovered in 
the supernatant fraction of homogenates 
(13-15). 
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Fig. 3. Radioactive amylase recovered in ribo- 
somes, a detergent-soluble material extracted 
from microsomes (soluble in 0.5 percent deoxy- 
cholate), and the medium obtained after in- 
cubating microsomes for varying periods of 
time in a medium containing radioactive leucine 
(7). The amylase content of the medium is sub- 
stantial relative to the other fractions and reach- 
es a steady-state value in about the same time as 
the labeled amylase content of the ribosomes. 
Conversely, the amylase content of the deoxy- 
cholate-soluble material continues to increase 
with time. These kinetics suggest that amylase 
may be released into the medium as the result of 
equilibrium events rather than as the result of 
the leakage of labeled amylase out of broken 
microsomes. 

2) The percentage of the total enzyme 
content of tissue recovered in the super- 
natant can be different for different en- 
zymes (5, 14, 15). This is true even for 
structurally homologous enzymes such as 

trypsinogen and chymotrypsinogen with 
similar tertiary forms, isoelectric points, 
and amino acid sequences which might be 

expected to distribute equivalently in a su- 

pernatant fraction whose enzyme contents 
were derived solely from the indiscriminate 

lysis of parent fractions. 
3) Reciprocal changes occur in the rela- 

tive amounts of specific enzymes in the su- 

pernatant fraction when the secretion of 
one enzyme is favored over another and 
this is in the absence of similar changes in 

zymogen granule and microsomal frac- 
tions (5, 16). 

4) Exogenously added labeled chymo- 
trypsinogen equilibrates (isotopically) 
most rapidly with chymotrypsinogen 
which is apparently cytoplasmic, and more 
slowly with the chymotrypsinogen content 
of other intracellular compartments (11). 

5) Digestive enzyme added to the serosal 
face of acinar cell either in vitro or in 
vivo is secreted through the cell, apparent- 
ly mixing with intracellular digestive en- 

zyme en route (17-19). 
6) Augmented secretion of digestive en- 

zyme is maintained in the absence of 

zymogen granules (20, 21). 
7) Adaptive increases in digestive en- 

zyme storage by the acinar cell can almost 

quantitatively be accounted for by increas- 

es in the enzyme content of the supernatant 
fraction of tissue homogenates (22). 

8) There is competition for exit (secre- 
tion) between enzymes derived from differ- 
ent intracellular compartments (18, 23) 
(see below). 

It may be that all intracellular digestive 
enzyme-containing compartments are in 
equilibrium with the enzyme content of the 
cytoplasm and hence with each other. This 
is suggested by an experiment by Jamieson 
and Palade (24) in which they followed the 
"movement" of a new protein through 
various isolated subcellular fractions of 
guinea pig pancreas as a function of time. 
They observed that during the course of 
the experiment the specific radioactivity of 
protein in the supernatant fraction from 
which the microsomes had been removed 
(PM fraction) remained relatively constant 
(Fig. 2). They assumed, in accordance with 
their views, that the enzyme content as 
measured of this fraction was an artifact, 
the labeled protein having come from the 
cisternal spaces of the endoplasmic retic- 
ulum, zymogen granules, and the like dur- 
ing homogenization and fractionation. 
While some of the content of the super- 
natant may well have reflected a redistri- 
bution of protein relative to the natural 
state [the term redistribution is in- 

tentionally chosen since digestive enzymes 
associate well with at least certain mem- 
branes in the acinar cell (4)], the content 
of the PM supernatant was in all likeli- 
hood not derived simply as the result of 
such a process. If it was, then the labeled 
enzyme content of the supernatant fraction 
should have reflected the labeled protein 
content of the parent fractions. Since dif- 
ferent fractions would contain the labeled 

enzyme at different times in a pulse experi- 
ment, and since they would presumably 
lose different amounts during homoge- 
nization and subsequent fractionation, la- 
beled protein in the supernatant would be 
expected to reflect these differences and 
vary from time to time as labeled enzyme 
moved from intracellular compartment to 
intracellular compartment. In order to ex- 

plain the relative constancy of the PM su- 

pernatant specific radioactivity in terms of 
the cisternal packaging-exocytosis theory, 
the percentages of the digestive enzyme 
content lost from each compartment dur- 

ing homogenization and centrifugation 
would have to have been roughly equal. 
While such an equal fragility is con- 
ceivable, it is not likely. It seems more 
reasonable to assume that the relatively 
constant specific radioactivity of the super- 
natant fraction reflects a steady-state 
equilibrium between the enzyme contents 
of the cytoplasm and the other com- 

partments which contain digestive en- 

zymes. 
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Fusion and Fusion-Fission 

If digestive enzyme is found in the cy- 
toplasm, then we must apply a more strin- 
gent test to hypotheses which suggest an 
important physiological role in the normal 
secretion process for membrane-mem- 
brane processes such as exocytosis. We 
cannot, as has been done, simply assume 
the need for such processes to produce se- 
cretion. According to the cisternal pack- 
aging-exocytosis theory, membrane-mem- 
brane interactions of the fusion or fusion- 
fission type occur in two places: first, in the 
transfer of secretory protein from the en- 
doplasmic reticulum to condensing vacu- 
oles and, second, in the final or secretion 
step by the fusion of zymogen granule and 
cell membrane. 

The transfer of secretory protein from 
endoplasmic reticulum to condensing vac- 
uoles is proposed to start with the budding- 
off of apical segments of the endoplasmic 
reticulum to form enzyme-containing 
smooth-surfaced vesicles. The primary evi- 
dence for this is the appearance of occa- 
sional narrowings in ribosome-denuded 
apical portions of the endoplasmic reticu- 
lum and the existence in the cytoplasm of 
small smooth-surfaced vesicles which may 
or may not be derived from the endoplas- 
mic reticulum and may or may not contain 
digestive enzymes (2). These vesicles pre- 
sumably fuse with the membrane of the 
condensing vacuole and deposit their con- 
tents within the vacuolar lumen. Since con- 
densing vacuoles appear to be of roughly 
constant size (that is, they do not seem to 
grow from very small vacuoles to large 
ones), the membranes of the smooth-sur- 
faced vesicles must also be presumed to 
undergo fission from the membranes of the 
condensing vacuoles and find their way 
back to the parent membrane within the 
endoplasmic reticulum, thus starting a new 
cycle. While this is an interesting hypothe- 
sis, worthy of investigation, there is at 
present no substantial body of evidence to 
indicate that these processes occur, no less 
account for the movement of digestive en- 
zyme into the apical region of the acinar 
cell. 

The evidence for the exocytosis of zymo- 
gen granule contents is hardly more sub- 
stantial. It is based primarily on micro- 
scopic profiles of the acinar lumen which 
have the appearance of a neck or narrow- 
ing (omega forms) and could be geometric 
sequelae to exocytosis (2). Even if we ac- 
cept these microscopic images as adequate 
proof for the existence of this process, we 
still cannot assume that it accounts quan- 
titatively for the natural secretory events 
without adequate quantitative proof. This 
is lacking. In fact, one observation places 
doubt on the importance of exocytosis in 
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Fig. 4. The relation between the disappearance of zymogen granules from acinar cells and the 
amount of digestive enzyme secreted by these cells with maximal cholinergic stimulation conditions 
under which the formation of zymogen granules is slow relative to their rate of disappearance (secre- 
tion) (20). (a) If secretion occurs by exocytosis, then under these conditions the loss of granules 
would be expected to be proportional in a linear manner to the secretion of digestive enzyme. (b) The 
observed function is highly curvilinear and enzyme secretion is maintained even as the number of 
zymogen granules in the acinar cell approaches zero. The illustration shows a model consistent 
with the observed kinetics of granule depletion during active secretion. In this model zymogen gran- 
ules discharge their contents into the cytoplasm prior to secretion across the cell membrane (20). 

normal digestive enzyme secretion. Under 
conditions in which the formation of new 
granules is insignificant relative to their 
rate of disappearance (secretion), the loss 
of granules should be proportional in a lin- 
ear fashion to the secretion of granule con- 
tents; the more granules lost per unit time, 
the greater the rate of enzyme secretion. 
Under these circumstances, the relation 
actually observed between these two mea- 
sures is highly nonlinear and granule de- 
pletion is not followed pari passu with de- 
creased enzyme secretion, but enzyme se- 
cretion is maintained in face of a declining 
number of zymogen granules (20) (Fig. 4). 
The exocytosis construct cannot easily ex- 
plain these kinetics. Rather, this is the ki- 
netic pattern we would expect if the zymo- 
gen granules first discharged their contents 
into the cytoplasm of the cell, and secre- 
tion was derived from the cytoplasm (Figs. 
1 and 4b). 

A Series Secretory Process 

The cisternal packaging-exocytosis the- 
ory proposes that the various intracellular 
compartments through which secretory 
proteins travel are arranged in a functional 
series; that is, the secretory product moves 
from compartment to compartment in a 
unique sequence, namely from ribosome to 
cisternal space to smooth-surfaced vesicle 
to condensing vacuole to zymogen granule 
to duct lumen. This sequence is immutable; 
that is, digestive enzyme goes through each 
of these compartments in order before en- 
tering secretion. [This hypothesis has been 
recently modified by Jamieson and Palade 
(21) to account for the secretion of diges- 
tive enzymes in the absence of zymogen 
granules in the acinar cell. They have pro- 

posed that another smaller vesicle takes 
the place of the zymogen granule in the se- 
quence and accounts for exocytosis under 
these conditions (10).] If such a series ex- 
ists, then a sudden increase in enzyme se- 
cretion in the continuous presence of a ra- 
dioactive amino acid precursor should 
hasten the rate at which isotopic equilibri- 
um is attained for secretory protein 
throughout the compartments of the sys- 
tem (if intracellular transit time is in- 
creased or because of the more rapid de- 
pletion of unlabeled enzyme stores or both). 
At equilibrium the specific radioactivity of 
digestive enzymes in each compartment 
would be equal to that of new protein being 
synthesized on the ribosomal complex. The 
specific radioactivity of digestive enzymes 
in secretion should reflect this by ap- 
proaching the steady-state specific radio- 
activity more rapidly. This is not observed. 
There is a striking and rapid decrease in 
the specific radioactivity of secreted pro- 
tein (23) (Fig. 5). This means that secreted 
digestive enzyme cannot'be derived from a 
single intracellular precursor pool, namely, 
the zymogen granule, but must come from 
at least two functionally parallel intra- 
cellular pools, one which adds relatively 
more protein to secretion in the absence of 
the stimulant (more rapidly labeled) and 
the other which adds more in response to 
stimulation at least at the onset (more 
slowly labeled). Furthermore, in the pres- 
ence of a cholinergic stimulus, there is an 
initial absolute decrease in the secretion of 
newer (labeled) protein indicating that 
newer and older digestive enzyme actually 
compete for exit from the cell. Similar 
competitive effects have been seen in three 
other situations so far. 

1) Under unstimulated conditions, the 
amount of newly labeled protein which is 
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secreted within 45 minutes of the addition 
of radioactive amino acids is inversely re- 
lated to overall protein secretion (10). 

2) The flux of labeled chymotrypsino- 
gen across the acinar cell is transiently in- 
hibited by the addition of unlabeled chy- 
motrypsinogen to the bathing medium 
(17). 

3) The secretion of endogenously la- 
beled amylase is inhibited by the addition 
of unlabeled amylase to the bathing medi- 
um (18). 

There have been attempts to explain 
such complex kinetic behavior in this (21) 
and other systems on the basis of multiple 
populations of granules which can be se- 
creted at preferential rates relative to each 
other under certain conditions. While this 
may be true in other systems, there is no 
substantial evidence for a multiplicity of 
secretion granules in the exocrine pancreas 
(see below). Both the competition and par- 
allel pool behavior are most readily ex- 
plained if we hypothesize the mixing of di- 
gestive enzyme derived from various intra- 
cellular pools (and even transcellular 
pools) to one degree or another in the cy- 
toplasm prior to secretion across the lumi- 
nal plasma membrane (Fig. 1). In any 
event, the idea that digestive enzyme must 
move from the site of its synthesis through 
compartments set up in a unique series 
seems to be incorrect. 
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Mass Transport 

Secretion by exocytosis is a mass trans- 
port process. The whole contents of secre- 
tion granules are released en masse and 
therefore at the same rate. The rate at 
which a particular molecule is secreted is 
not related either to its molecular structure 
or its concentration within the granule or 
outside of the cell. Rather, it is determined 
by the rate of fusion (or fusion and fission) 
of granule and cell membrane. In such a 
system, the secretion of different molecules 
(independent of their synthesis) could only 
occur at different rates if they were pack- 
aged in separate granules, and if the char- 
acter of granule membranes enabled their 
fusion to be separately regulated. If each 
granule contains the whole of the secretory 
products, in our case all of the digestive en- 

zymes, then the secreted mixture would be 
of invariant or fixed "stoichiometry" or 
content at least for intervals during which 
alterations in the rate of synthesis of the 
secretory products could not substantially 
alter the composition of secretion (presum- 
ably of the order of at least 1 to 4 hours for 
the digestive enzymes of the pancreas). 

While we cannot say that each zymogen 
granule contains exactly the same com- 

plement and amount of enzyme, there is no 
evidence for multiple ordered populations 
of zymogen granules with different mix- 

0 50 100 150 0 50 
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Fig. 5. The effect of a cholinergic stimulus (which increases the rate of protein secretion) on the rate 
at which the specific radioactivity of secreted protein approaches isotopic equilibrium in the contin- 
uous presence of radioactive leucine. (a) The cisternal packaging-exocytosis model proposes that en- 
zyme moves through a single unbranched series of compartments (from ribosome to duct lumen) 
(Fig. 1). In such a system the attainment of isotopic equilibrium should occur more rapidly when the 
rate of enzyme secretion is greatly enhanced as nonradioactive enzyme stores are depleted. (b) A 

profound depression in the specific radioactivity of secreted protein, as well as an absolute decrease 
in the secretion of labeled protein, is what is actually observed. This is consistent with the hypothesis 
that zymogen granules discharge their (largely unlabeled) stores into the cytoplasm at the onset of 
augmented secretion prior to secretion across the cell membrane (23). 
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tures of digestive enzymes no less for gran- 
ules which contain only a single molecular 
species. On the contrary, most of the avail- 
able evidence suggests that there is only 
one population of zymogen granules which 
contains the whole array of digestive hy- 
drolases (25, 26). If this is indeed the case, 
then the secretion of digestive enzyme by 
exocytosis could only be nonspecific or 
nonselective for the different enzymes; that 
is, it would produce a secretion of constant 
enzyme composition in the short run. This 
pattern was called parallel secretion some 
40 years ago by Babkin when he was chal- 
lenging Pavlov's theory (27, 28) that the 
enzyme content of pancreatic secretion 
varied from meal to meal as a function of 
digestive need and the content of the meal. 
Babkin and his co-workers (28) measured 
some of the enzymes in pancreatic secre- 
tion under a variety of conditions, and ob- 
served that the secretion of one enzyme ap- 
peared to be roughly parallel to the secre- 
tion of others regardless of the stimulus 
used to elicit secretion. They concluded 
that the secretory process had no transport 
selectivity and that, if secretory selectivity 
existed at all, it must be derived from the 
independent regulation of the synthesis of 
the various enzymes. 

During the past 10 years there have been 
some attempts to reexamine this issue (5, 
14, 16, 29-33). As a result, the potential for 
parallel transport has been reaffirmed (26, 
34, 35), but not its uniqueness. That is, a 
nonparallel transport of digestive enzymes 
can occur; a stimulus can produce unequal 
changes in the rate of secretion of one en- 
zyme relative to another, changes which 
cannot be ascribed to altered synthetic 
rates (36). Moreover, the cell's ability to 
secrete a specific digestive enzyme can be 

adaptively enhanced by altering the trans- 
port capacity of the system for that en- 

zyme as well as by increasing its rate of 

synthesis (30). Nonparallel transport ap- 
pears to be both regulatory-that is, trans- 
port selectivity is necessary to meet specif- 
ic digestive needs-and situational-that 
is, selectivity is merely a kinetic con- 
sequence of the secretory mechanism ap- 
parently of no physiological importance in 
the regulation of digestion (37). Regu- 
latory selective transport seems to be con- 
cerned with the molecular regulation of di- 

gestion; namely, the separate regulation of 

specific digestive hydrolyses in the in- 
testine, as opposed to the mass or batch 

regulation of digestion (namely, para- 
sympathetic control of gastrointestinal 
function) in which activity is increased or 
decreased in general as a function of the 
overall digestive load. For example, the hy- 
drolysis of lysine-containing peptide bonds 
appears to be independently regulated and 
this is at least in part the result of altera- 

SCIENCE, VOL. 190 



tions in the transport (secretion) of tryp- 
sinogen, which favors lysine-containing 
bonds, relative to other digestive enzymes 
(31). Another, and perhaps more dramatic 
example, is found in "chymodenin," a duo- 
denal peptide which selectively enhances 
the secretion of chymotrypsinogen while 
hardly, if at all, altering the secretion of 
other digestive enzymes (32, 33). These and 
numerous other examples of nonparallel or 
selective digestive enzyme secretion (5, 14, 
16, 29-33) cannot be explained by a solely 
exocytotic secretory process if zymogen 
granules are, as seems to be the case (25, 
26), of mixed enzyme composition. 

the absence of experimental evidence. Cur- 
rent views of the structure of biological 
membranes (3) make such a priori assump- 
tions unsatisfactory. We are obliged to dis- 
tinguish experimentally between vesicular 
transport and transport by the movement 
of molecules through membranes regard- 
less of the size of the molecule moved. In- 
deed, the proposal that a vesicular mecha- 
nism is responsible for the transport of di- 
gestive enzymes by the pancreas or any 
other molecule or group of molecules 
should be substantiated with direct and 
unambiguous evidence, not only that ve- 
sicular transport occurs, but that it ac- 
counts in fact for the kinetics of the trans- 
port process either wholly or partially. 

Summary 

Contrary to the cisternal packaging-ex- 
ocytosis theory: 

1) Digestive enzyme secretion by the 
pancreas does not appear to be a simple 
mass transport process. 

2) Digestive enzyme secretion does not 
result from the movement of enzyme from 
its site of synthesis through a single un- 
branched series of, intracellular com- 
partments. 

3) Digestive enzyme is neither com- 
pletely nor continuously isolated from the 
cytoplasm of the cell. 

4) The direct transfer of digestive en- 
zyme from ribosome to cisternal space, if it 
occurs, only appears to account for a por- 
tion of the secretory protein released from 
ribosomes. 

Thus, this theory cannot be said to have 
been proved true by the evidence in any of 
its essential aspects, no less in all of them. 
The direct evidence for important elements 
of the process (namely, fusion) is minimal, 
and the substantial kinetic evidence can al- 
most invariably be explained in other ways 
and often with more justification. More- 
over, there appears to be another secretory 
process at work in which the cytoplasm of 
the cell plays an important role both as a 
mixing chamber for digestive enzyme de- 
rived from other intracellular pools and as 
a direct precursor pool for the transport of 
digestive enzyme across the plasma mem- 
brane (Fig. 1). 

The cisternal packaging-exocytosis the- 
ory is in great part a derivative of the idea 
that vesicular transport processes, that is, 
the transport of molecules by their move- 
ment with membranes, rather than 
through them, are the sole means by which 
large molecules such as the digestive en- 
zymes can cross biological membranes. On 
this basis, vesicular transport mechanisms 
of one type or another have been proposed 
to account for the transfer of various 
macromolecules across membranes even in 
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