somewhat different and more complex
character.) For the first time there is the
real prospect of understanding the logic
behind gene deployment in pattern forma-
tion. As we have seen, the speculative ideas
about compartments in this section are not
supported by hard evidence. The best we
have so far is a series of hints. But it is ex-
actly this possibility, that compartments
may have a wider significance, which
makes the study of them at the present
time so important and so interesting.
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the object for our studies reflected in part
our training, and in part our environment.
I was coming from a medical school where
I had acquired an interest in ‘“‘micro-
scopical anatomy” and ‘‘physiological
chemistry” and great respect for the work
of Claude Bernard, Rudolf Heidenhain,
and Charles Garnier. Philip Siekevitz was
coming from a graduate school with a
Ph.D. in biochemistry and had recently
worked out one of the first in vitro systems
for protein synthesis (9). Our environment
was the Rockefeller Institute for Medical
Research, where a substantial amount of
work had been done on the isolation, crys-
tallization, and characterization of pancre-
atic secretory proteins [for example, see
(10)]. But perhaps the most important fac-
tor in this selection was the appeal of the
amazing organization of the pancreatic
acinar cell, whose cytoplasm is packed
with stacked endoplasmic reticulum cis-
ternae studded with ribosomes. Its pictures
had for me the effect of the song of a mer-
maid: irresistable and half transparent. Its
meaning seemed to be buried only under a
few years of work, and reasonable working
hypotheses were already suggested by the
structural organization itself.

The general aim of the project was to de-
fine the role played by the ribosomes, en-
doplasmic reticulum, and other subcellular
components in the synthesis and sub-
sequent processing of the proteins pro-
duced for export by the exocrine cells of
the gland. The approach worked rather
well for awhile (/7), but after a few years
we ran into the common limitations of the
cell fractionation procedures then in use:
imperfect separation, incomplete recovery,
and incomplete representation of sub-
cellular components in the fractionation
scheme. To resume the advance of the in-
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quiry, Lucien Caro and I shifted to radio-
autography adapted to electron micros-
copy and obtained, in experiments per-
formed in vivo, a reasonable approxima-
tion of the route and timetable followed by
newly synthesized, radioactive proteins
from their site of synthesis to their site of
discharge from the cell (/2). Radio-
autography has, however, its own limita-
tions connected primarily with its low reso-
lution, so that in subsequent experiments,
uncertain radioautographic findings had to
be checked by going back to cell fractiona-
tion procedures—this time with an advised
mind. The experimental protocols were
also changed to obtain better time resolu-
tion of the events under study, the major
changes being the use of an in vitro sub-
cellular system (/3) and the adaptation by
James Jamieson of an in vitro slice system
(14), which later evolved into a lobule sys-
tem (15, 16).

Analysis of the Secretory Process

in the Pancreatic Exocrine Cell

Out of this combination of com-
plementary techniques came a coherent
representation of the secretory process. a
“model” that has stood well the test of
time. The current trend is to move from
the subcellular to the molecular level in the
analysis of the model, which means that its
subcellular stage has been widely enough
accepted.

The analysis of the secretory process of
the pancreatic exocrine cell has not been
the only research line pursued in our labo-
ratory; membrane biogenesis, intercellular
junctions, and structural aspects of capil-
lary permeability are other examples. But
the corresponding bodies of information
are either less fully developed or still under
scrutiny by us and by others; besides, none
of them has affected the general thinking in

our field to the same extent as the story of
the secretory process.

With these considerations in mind, I be-
lieve that this unique and solemn occasion
would be put to good use if I were to de-
part from the apparent tradition, which
favors a summary of past or current work,
and assess instead the available evidence
on the secretory process, pointing out
its strengths as well as its weaknesses
and trying to figure out what can be done
in the future to advance our knowledge
still further.

Our analysis recognizes in the secretory
process (17) of the pancreatic exocrine cell
six successive steps or operations of which
the object is the secretory proteins. These
steps are: (i) synthesis, (ii) segregation, (ii1)
intracellular transport, (iv) concentration,
(v) intracellular storage, and (vi) discharge.
Each of them will be considered in some
detail in what follows.

Fig. 1. Pancreatic exocrine cell. The basal region of the cell between the nucleus (n) and the plasmalemma (pm) is occupied by numerous cisternae of the

rough endoplasmic reticulum (rer) and a few mitochondria (m) (x 9,000).

Fig. 2. Pancreatic exocrine cell. Array of cisternae of the rough-surfaced

endoplasmic reticulum is shown; cs, cisternal space; cm, cytoplasmic matrix (cell sol); fr, free ribosomes; ar, attached ribosomes; mer, membrane of

the endoplasmic reticulum (x 37,000).

Fig. 3. Pancreatic exocrine cell. A cytoplasmic region occupied by cisternal elements of the rough-surfaced

endoplasmic reticulum is shown at high magnification; mer, membrane of the endoplasmic reticulum; cs, cisternal space; cm, cytoplasmic matrix (cell
sol). The short arrows point to small subunits and the long arrows to large subunits of attached ribosomes (x 206,000).
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1) Synthesis

Proteins for export are synthesized on
polysomes attached to the membrane of
the rough endoplasmic reticulum (Figs. |
and 2). The first clear indication that this is
the case came from early work with Sie-
kevitz. After a short in vivo exposure to
[*Clleucine, radioactive chymotrypsino-
gen appeared preferentially associated
with attached polysomes isolated from the
guinea pig pancreas (/8) (Table 1). The
products of free polysomes were not inves-
tigated, but, by analogy with the situation
studied by others in the liver (/9), these
polysomes probably synthesize proteins
for intracellular use. Yet in all these cases,
the results are to some extent ambiguous,
since—as isolated—both polysome classes
carry newly synthesized proteins irrespec-
tive of the latter’s final destination. The
differences are not qualitative, as would be
expected for strict specialization; they are
definitely large, but only quantitative.

This finding could have a trivial ex-
planation: for example, leakage of newly
synthesized proteins from cell com-
partments ruptured during tissue homoge-
nization, followed by relocation by adsorp-
tion on the “wrong” class of polysomes.
Available data indicate that artifactual re-
location definitely occurs under these cir-
cumstances (20), but so far there is no reli-
able information concerning its extent. Al-
ternatively, the dual location may have
functional significance, since the position
of the polysomes at the time of the initia-
tion of translation is still unknown. Initia-
tion in the free condition followed by
enough elongation to expose either enzy-
mic active sites or antigenic determinants
before attachment seems unlikely but may
occur, in principle. And the special se-
quence detected at the N-terminal of IgG
light chains synthesized on detached poly-
somes (21) may function as a signal for at-
tachment [for example, see (22)]. To un-
derstand the situation, we need more infor-
mation than we have at present on the rela-
tionship between free and attached ribo-
somes, on the position of polysomes at the
time of initiation, and on the duration of
polysome attachment to the endoplasmic
reticulum membrane.

Another aspect that should be consid-
ered at this point is the existence of two
subclasses of attached polysomes: one syn-
thesizing proteins for export and the other
involved in the production of endoplasmic
reticulum membrane proteins coupled with
their insertion in this membrane (23).
Much less is known about this second sub-
class, except that in its case the same un-
certainties apply as to the location of the
polysomes at the time of initiation. By
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Table 1. Specific radioactivity of chymotryp-
sinogen isolated from attached and free poly-
somes in guinea pig pancreas after in vivo label-
ing with ['*C]leucine. Data are counts per min-
ute per milligram of chymotrypsinogen (esti-
mated from enzyme activity. [From (/8)]

Time after ["*C]leucine

Fraction

| minute 3 minutes
Attached polysomes 22,100 10,000
Free polysomes 2,800 3,000

analogy with a rather different system
[chloroplast polysomes attached to thyla-
koid membranes during the synthesis of
certain membrane proteins (24)], this type
of attachment may be essentially transient,
perhaps limited to a single round of trans-
lation for each site of attachment. It is gen-
erally assumed that all the soluble factors
necessary for protein synthesis are present
in molecular dispersion or in the form of
soluble complexes in the cell sol or cy-
toplasmic matrix, but very few actual data
are available in the case of the pancreatic
exocrine cell—although this cell is poten-
tially a rich source of aminoacyl-transfer
RNA synthetases, transfer RNA’s, and
messenger RNA’s. The presence of an ac-
tive ribonuclease among the secretory pro-
teins produced by the cell has discouraged
work along such lines, but this whole field
may be opened by using tissue taken from
species known to have a very low pancre-
atic ribonuclease content. Pancreatic pro-
teolytic zymogens do not appear to consti-
tute a problem, since their activation is ei-
ther nil or controllable during cell fraction-
ation.

2) Segregation

The newly synthesized secretory pro-
teins are segregated in the cisternal space
of the rough endoplasmic reticulum. The
first evidence that this is the case came
from work by Redman et al. (13) on pi-
geon pancreatic microsomes synthesizing

Segregation

Polypeptide chain

b

¥ "w_oligosaccharide
o chains
(proximal
residues)

bridge

ER membrane

Cisternal space

Fig. 4. Diagram of the segregation step; ER, en-
doplasmic reticulum.

['“Clamylase in vitro. This radioactive se-
cretory protein, initially associated with at-
tached polysomes, preferentially appeared
after about 3 minutes in the microsomal
cavities. Experiments bearing on segrega-
tion were further refined in our laboratory
by Redman and Sabatini (25) and Blobel
and Sabatini (26). Their results indicate
that the growing polypeptide chain is ex-
truded through the microsomal membrane
into the microsomal cavity, which is the in
vitro equivalent of the cisternal space of
the rough endoplasmic reticulum. Upon
natural or experimentally induced termi-
nation, the newly synthesized chain sepa-
rates with the microsomal vesicles and
does not appear in the incubation medium,
which topologically is the in vitro equiva-
lent of the cell sol. Since it had already
been established by Sabatini et al. (27) that
the ribosomes are attached to the endo-
plasmic reticulum membrane by their
large subunits (that is, the bearers of na-
scent chains) (Fig. 3), it was concluded that
segregation is the result of a vectorial
transport of the newly synthesized poly-
peptide from the large ribosomal subunit
through the endoplasmic reticulum mem-
brane to the cisternal space.

This conclusion provides a satisfactory
explanation for the basic structural fea-
tures of the endoplasmic reticulum: a cav-
itary cell organ of complicated geometry
that endows it with a large surface. All
these features make sense if we assume
that one of the main functions of the sys-
tem is the trapping of proteins produced
for export. With the exception of calcium
ion accumulation in the sarcoplasmic retic-
ulum (that is, the equivalent cell organ of
muscle fibers) no other recognized function
of the endoplasmic reticulum (such as
phosphatide- and triacylglycerol synthesis,
mixed-function oxygenation, or fatty acid
desaturation) requires compellingly and di-
rectly a cavitary organ, at least according
to our current knowledge. In detail, how-
ever, the forces and reactions involved in
the trapping operation remain unknown.
The interaction of the large ribosomal sub-
unit with the endoplasmic reticulum mem-
brane is understood only in very general
terms (26), and precise information bear-
ing on specific molecules involved in at-
tachment is still lacking. Segregation ap-
pears to be an irreversible step: the nascent
polypeptide is extruded in the cisternal
space and, once inside, can no longer get
out (Fig. 4).

The membrane of isolated microsomes
was found to be highly permeable to mole-
cules of about 10-angstrom diameter (28).
If it is assumed that the same applies for
the endoplasmic reticulum membrane in
situ, it is reasonable to postulate that the
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imprisonment of the polypeptide is the
consequence of its conversion into a globu-
lar protein too large (> 20-A diameter) to
permeate the membrane. This postulate is
in keeping with a series of findings which
show that enzymes associated with the
membrane, or present in the cisternal
space, are responsible for disulfide bridge
formation (29), hydroxylation of proline
and lysine residues (30), proximal glycosyl-
ation of polypeptide chains (3/), and per-
haps partial proteolysis [for example, see
(21)]. All these modifying operations are
expected to affect directly or indirectly the
tertiary structure of the secretory proteins
which, once assumed, could render the pro-
teins impermeant and their segregation
irreversible (Fig. 4). Disulfide bridge for-
mation aside, it would be of interest to
know to what extent modifications of
the type mentioned affect proteins pro-
duced for intracellular use. If the extent
were nil or negligible, the differential modi-
fication of secretory proteins would pro-
vide an additional explanation for their
segregation.

Available evidence either indicates or
suggests that vectorial transport of secre-
tory proteins to the cisternal space occurs
in many other cell types [for example,
plasma cells (32), fibroblasts (33), gran-
ulocytes (34), and parotid acinar cells (35)]
in addition to hepatocytes and pancreatic
exocrine cells. Vectorial transport and its
corollary—segregation—are most prob-
ably obligate functional features for all
protein-secreting cells, but further work is
needed to check on the actual extent of
their occurrence, as well as on possible ex-
ceptions (36).

Although the endoplasmic reticulum
membrane is characterized by high fluidity
(37), the polysomes attached to its cy-
toplasmic aspect maintain regular, charac-
teristic patterns (Fig. 5) of rather constant
geometry (3). One may wonder what pre-
vents them from assuming a random coil
conformation; in other words, how does
the cell succeed in securing fixed attach-
ment sites on a highly fluid membrane?
This riddle must have an interesting an-
swer.

3) Intracellular Transport

From the cisternal space of the rough
endoplasmic reticulum, the secretory pro-
teins are transported to the Golgi complex.
In the case we have studied, the pancreatic
exocrine cell of the guinea pig, the termi-
nus of the transport operations is a set of
large vacuoles on the trans side of the com-
plex (12, 14) which, because of their func-
tion (to be discussed later), are called con-
densing vacuoles.

Intracellular transport was first recog-
nized in radioautographic experiments per-
formed with Lucien Caro (/2), but the de-
tails and requirements of this operation be-
came evident only after James Jamieson
and I shifted from intact animals to in
vitro systems based on tissue slices (/4). In
such systems, short tissue exposure to ra-
dioactive amino acids (‘“labeling pulse™)
followed by effective removal of unincor-
porated label (‘“‘chase’”) became possible
and, as a result, time resolution in our ex-
periments was considerably improved.

Results obtained in pulse-chase experi-

Fig. 5. Rat hepatocyte. The attached ribosomes (polysomes) form spirals
(s), loops (J), circles (c), and double rows (dr) on the surface of the endo-
plasmic reticulum membrane (a: x 41,000; b: x 67,000).
creatic exocrine cell, partial view of Golgi complex; cv, condensing vac-
uoles; gc, Golgi cisternae; gv, Golgi vesicles; fe, transitional elements; rer,
rough endoplasmic reticulum (x 19,000).

Fig. 6. Pan-
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ments showed that the pathway followed
by the secretory proteins leads from the
rough endoplasmic reticulum to the transi-
tional elements of this system (Fig. 6), then
to the small peripheral vesicles on the cis
side of the Golgi complex (/4), and finally,
in about 30 minutes, to condensing vacu-
oles (38) (Table 2 and Fig. 7). An unex-
pected and intriguing finding was that in-
tracellular transport requires energy (39)
supplied (in the system investigated) by
oxidative phosphorylation. In the absence
of adenosine triphosphate (ATP) synthesis,
the secretory proteins remain in the rough
endoplasmic reticulum, transport to con-
densing vacuoles being resumed upon re-
sumption of ATP production. From these
and other data, we concluded that the func-
tional equivalent of a lock (or lock-gate)
exists along the channels used for intra-
cellular transport, that the lock is located
at the level of the transitional elements of
the endoplasmic reticulum, and that secre-
tory proteins seem to flow vectorially to
the Golgi complex when the lock is opened.

The general pathway followed in intra-
cellular transport appears to be the same in
a variety of cell types (15, 40-43), but di-
rect evidence on the pre-Golgi lock has
been obtained only in the case of the ex-
ocrine pancreatic cell. Extension to other
systems of the inquiry dealing primarily
with the lock-gate is clearly needed. In ad-
dition, many aspects of the transport oper-
ation remain either unknown or unsettled.
The geometry of the connections between
the endoplasmic reticulum and the Golgi
complex is still a matter of debate: accord-
ing to some investigators (44), the two
compartments are permanently connected
by continuous tubules; according to us
(14), the connection is intermittent and is
probably established by shuttling vesicles.
The energy-requiring reactions are un-
known, and equally unknown are the
forces involved in transport and the means
by which macromolecules are moved from
the endoplasmic reticulum to the con-
densing vacuoles against an apparent con-
centration gradient.

We have uncovered an interesting pro-
cess, but we are only at the very beginning
of its analysis. Every one of the points
mentioned above remains to be elucidated
by further work.

4) Concentration

The secretory proteins reach the con-
densing vacuoles in a dilute solution that is
progressively concentrated at these sites to
a level comparable to that eventually
found in mature secretion granules. The
exact concentration in each of the com-
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Intracellular Transport

Condensing
vacuole

Golgi
stack

Transitional
element

Fig. 7. Diagram of intracellular transport;
X—X, pathway followed in the pancreatic ex-
ocrine cell of the guinea pig; - - -, pathway fol-
lowed in other glandular cells.

partments involved in intracellular trans-
port is unknown, but the increase in the
density of the content in condensing vacu-
oles (as seen in electron micrographs) and
the increase in number of radio-
autographic grains associated with the
same vacuoles (38) (Fig. 8) suggest that the

incoming solution is concentrated by a

large factor. The final result of the concen-
tration step is the conversion of the con-
densing vacuoles into mature secretion
granules (12, 38), usually called zymogen
granules in the case of the pancreatic ex-
ocrine cell.

Concentration is not dependent on a
continuous supply of energy. In situ, nei-
ther condensing vacuoles nor zymogen
granules swell when ATP production is
blocked; and in vitro, isolated secretion
granules are rather insensitive to the os-
molality of the suspension medium at, or
below, neutrality (45). They are instead
highly sensitive to variations in pH and
lyse promptly above pH 7.2 (46, 47). These
results rule out the hypothesis that concen-
tration is achieved by ion pumps located in
the membrane of the condensing vacuoles,
and suggest that the cell uses for this step
some other, energetically more economical
mechanism. The synthesis of sulfate-con-

taining macromolecules in Golgi elements
and their presence in secretion granules in
murine pancreatic acinar cells (48) as well
as in other murine glandular cells (49) have
been established by radioautography.
Moreover, Tartakoff et al. (50) have re-
cently detected a sulfated polyanion
(p1~3.4), presumably a sulfated pepti-
doglycan, in the content of zymogen gran-
ules and in discharged secretion in the
guinea pig pancreas. The formation of
large aggregates by ionic interactions be-
tween this polyanion and secretory pro-
teins, which are known to be pre-
dominantly cationic (50), could cause a re-
duction in osmotic activity within con-
densing vacuoles with concomitant outflow
of water. In this case, energy would no
longer be required past the synthesis of the
polyanion, and concentration would de-
pend primarily on the stability of the pos-
tulated aggregates.

This hypothesis remains to be validated
by the isolation and characterization of the
sulfated polyanion, and especially by the
demonstration of relevant aggregate for-
mation under conditions likely to prevail in
vivo within condensing vacuoles. The hy-
pothesis is particularly attractive because
it could explain not only concentration per
se, but also intracellular transport against
an apparent chemical gradient. Such a gra-
dient may not exist, or may be reversed, if
the secretory proteins of every new batch
were to be aggregated and thereby os-
motically inactivated upon their entry into
condensing vacuoles.

In the pancreatic exocrine cell of the
guinea pig, concentration is effected in
trans Golgi condensing vacuoles, but in the
same cell of other species (rat, for in-
stance), the step under discussion takes
place in the last cisterna on the trans side
of each Golgi stack. Finally, in many other
glandular cells [for example, see (51)], the
same operation is carried out in the dilated
rims of the last two to three trans Golgi
cisternae (Fig. 7). Moreover, in guinea pig

Table 2. Distribution of radioautographic grains after a pulse of labeled leucine in slices of guinea
pig pancreas incubated in vitro. The pulse was L-[4,5-*H]leucine (40 uM; 200 uc/ml); the chase was
unlabeled leucine (2 mM). For each compartment of the secretory pathway, the maximal concen-
tration figures are given in italics. [Simplified from (38)]

Radioautographic grains (%)

Cell compartment Pulse Chase (minutes)

(3 minutes) +7 +37 +117

Rough endoplasmic reticulum 86.3 43.7 243 20.0
Golgi complex

Peripheral vesicles 2.7 43.0 149 3.6

Condensing vacuoles 1.0 3.8 48.5 15

Zymogen granules 3.0 4.6 11.3 58.6

Acinar lumen — — — 7.1

Other compartments* 70 4.6 1.1 32

*Nuclei and mitochondria.
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pancreatic lobules hyperstimulated in
vitro, the usual condensing vacuoles are no
longer present, and concentration of secre-
tory proteins begins in the Golgi cisternae,
preferentially in those located on the trans
side of the stacks (52). There are, there-
fore, variations according to species, cell
type, and physiological conditions in the
location of concentration sites within the
Golgi complex, and it would be of interest
to find out whether these variations reflect
changes in the distribution of the sulfated
polyanion (or other functionally equivalent
compounds) within the complex.

Radioautographic findings (41, 42, 53)
and cell fractionation data (54) obtained
on a variety of tissues indicate that termi-
nal glycosylation of secretory proteins oc-
curs in the Golgi complex. This operation
is known to affect only a fraction, not the
totality, of the proteins produced for ex-
port.

In addition, the Golgi complex appears
to be the site of partial proteolysis of

proinsulin (55) and perhaps other secretory
proteins. It is also the site of synthesis of
polysaccharides in plant cells [for example,
see (56)]. The Golgi apparatus therefore
has a multiplicity of functions in the pro-
cessing of secretory products, but—with
the exception of concentration—the loca-
tion of the other activities among its ele-
ments is either uncertain or still unknown.
On the one hand, we have a rather exten-
sive literature dealing with differences in
cytochemical reactions within the same
cisterna (57) or among the cisternae of the
same stack (58, 59) without any obvious
functional correlation. On the other hand,
initial biochemical data on Golgi subfrac-
tions so far reveal no differences between
Golgi cisternae and Golgi vacuoles (60).
Finally, at the level of the Golgi complex
the secretory product is transferred from a
high permeability membrane (that is, the
membrane of the endoplasmic reticulum),
to a membrane whose lipid composition
approaches that of the plasmalemma in its

high content of cholesterol and sphingo-
myelin and in the low degree of unsatura-
tion of fatty acids in its phospholipids (61,
62). Such a membrane is expected to have
low permeability, and therefore to be ‘‘ex-
posable” without danger to the external
medium at the time of discharge (see be-
low).

In general, our knowledge of the func-
tions of the complex is still rudimentary,
primarily because the isolation of Golgi
fractions from tissue homogenates was
achieved only recently (63) and is still lim-
ited to a few sources [liver, pancreas (6/),
and kidney (64)]. The extent of com-
partmentation within the complex as well
as the precise pathway followed by
secretory products through it is still un-
known. Finally, as a telling measure of
our ignorance, it is worthwhile point-
ing out that we do not have any good idea
about the functional meaning of the most
prominent structural feature of the Golgi
complex: the stacking of its cisternae.

Fig. 8. Pancreatic exocrine cell (guinea pig). (a) The distribution of radioautographic grains is shown in specimen fixed at the end of a 3-minute pulse with
L-[4,5-*H]leucine; gr, radioautographic grains; n, nucleus; m, mitochondria; zg, zymogen granules; re, region of the cytoplasm occupied by the rough-
surfaced endoplasmic reticulum. At this time, ~ 85 percent of the grains are found associated with such regions (x 9000). (b) The distribution of radio-
autographic grains is shown at the end of a 37-minute chase after a 3-minute pulse as in (a); cv, condensing vacuoles; zg, zymogen granules; re, region of
the cytoplasm occupied by the rough-surfaced endoplasmic reticulum. The periphery of the Golgi complex is marked by arrows. At this time, ~ 50 per-
cent of the radioautographic grains are associated with condensing vacuoles (x 9000). [Fig. 8, a and b, from (38)]
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S) Intracellular Storage

Secretory proteins are temporarily
stored within the cell in secretion granules
that, as already mentioned, are condensing
vacuoles that have reached the end of
the concentration step. Their membrane
comes, therefore, from the Golgi complex
and their content is the product of attached
polysomes, modified at subsequent steps as
already described in previous sections.

In the cases so far investigated—that is,
the exocrine pancreas of the cow (47, 65),
rat (66), and guinea pig (50) and the parot-
id of the rabbit (67)—the content of the
secretion granules (more precisely, the ex-
tract obtained from reasonably homoge-
neous secretion granule fractions) and the
physiologically discharged secretion con-
tain the same proteins in the same relative
amounts (Fig. 9). Since no other intra-
cellular source has been revealed or sug-
gested by our evidence, we have concluded
that the content of these granules is the
sole precursor of the proteins found in the
Juice secreted by the gland.

In the case of glands that, like the ex-
ocrine pancreas, consist of an apparently
homogeneous population of secretory cells
that produce a complex mixture of secre-
tory proteins, the question of specialization
at the cellular or subcellular level was
asked repeatedly and answered only in
part. So far, all of the proteins looked
for in the bovine pancreas [trypsino-
gen (68), chymotrypsinogen, deoxyribonu-
clease (69), and ribonuclease (70)] were de-
tected by immunocytochemical procedures
in all of the secretion granules of all cells
examined. Each granule probably contains
a sample of the mixture discharged by the
gland, but it is hard to believe that all of
these microsamples are quantitatively
strictly identical. Specialization at the cel-
lular level is well established in a number
of endocrine glands that are characterized
by a morphologically heterogeneous cell
population [for example, see (5/)]. Special-
ization at the subcellular level exists in
polymorphonuclear neutrophil granulo-
cytes (34). The formula used in the pan-
creas, that is, intracellular storage of a
complex mixture in apparently equivalent
quanta, probably explains the lack of
short-term qualitative modulation of the
secretory output [see (16, 7I) for a more
detailed discussion]. It can be assumed
that this type of modulation is rendered
unnecessary by the specialized nutritional
habits of each species.

In the exocrine cells of the pancreas, se-
cretion granules usually occupy the apical
region between the Golgi complex and the
acinar lumen. There are few micro-
tubules in this region and few micro-
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Fig. 9. Sodium dodecyl sulfate-polyacrylamide
gel electrophoretograms of (left to right) zymo-
gen granule content, standards, and secretion
discharged by pancreatic lobules incubated and
stimulated in vitro. Identification of bands: I,
unknown secretory protein and carrier bovine
plasma albumin; 2, amylase; 3 and 4, procar-
boxypeptidases A and B and unknown secretory
proteins; 5, unknown protein; 6, chymotrypsino-
gen; 7, trypsinogen; and 8, ribonuclease. [From
(50)]

filaments, and there is no consistent pat-
tern in their organization and distribution
(except for the microfilaments associated
with junctional elements and microvilli). In
other cell types, it has been postulated that
microtubules and microfilaments play a
role in effecting secretory discharge (see
below), as well as in directing or moving
secretory granules to their sites of dis-
charge. In pancreatic acinar cells, radio-
autographic findings show that newly
formed (that is, labeled) granules are dis-
tributed at random within the preexisting
granule population (38), and biochemical
data indicate that newly synthesized and
preexisting proteins are discharged at ran-
dom from the total zymogen granule popu-
lation (16, 71). With the evidence at hand,
these results can be ascribed to slow diffu-
sion leading to thorough mixing of old and
new granules within the apical region. In
other cell types, the situation may be dif-
ferent because of incomplete mixing within
the granule population and uneven distri-
bution of discharge sites (see below).

6) Discharge

Relatively early in the investigation of
the secretory process, it was found that se-
cretion granules discharge their content
into glandular lumina (Fig. 10) by a pro-

cess originally called “membrane fusion™
(72) and later termed exocytosis (73). Mor-
phological findings suggest that in prepara-
tion for discharge, the membrane of the se-
cretion granule fuses with the plasma-
lemma and that subsequent reorganization
[that is, progressive elimination of layers
(Figs. 11 and 12)] leads to fission of the
fused membranes within the area of fusion.
The final result is continuity established
between the granule compartment and the
extracellular medium (lumen), con-
comitant with continuity of the granule
membrane and the plasmalemma all
around the orifice through which the gran-
ule content reaches the lumen (Fig. 13).
This operation allows the discharge of the
secretory product while ensuring the main-
tenance of a continuous diffusion barrier
between the cell sol and the extracellular
medium. At the beginning, a few alterna-
tives were considered, but by now ex-
ocytosis is recognized as a widely occur-
ring, probably general mechanism for the
discharge of macromolecular secretory
products.

The membrane fusion involved in secre-
tory discharge has a high degree of speci-
ficity. The membrane of secretion granules
fuses only with the plasmalemma, al-
though there are at the time of this event
and at comparable distances around the in-
teracting pair many other types of cellular
membranes. In the exocrine cells the speci-
ficity is even more stringent, since ability
to fuse is limited to the apical or luminal
domain of the plasmalemma. The only
permanently operative alternative is pre-
liminary fusion of granule membrane to
granule membrane leading eventually to
discharge of two or more secretion gran-
ules in tandem (74). This type of specificity
suggests the existence of complementary
recognition sites in each interacting mem-
brane which may be involved in binding
preliminary to fusion. In some respects the
postulated situation is reminiscent of the
interaction between a hormone and its
membrane receptor (75), except that in this
case the events are intracellular and recep-
tors as well as agonists are assumed to be
membrane-bound.

Exocytosis has been extensively studied
in a variety of secretory cells and by now
its basic requirements for calcium ion and
energy are well established (76, 77). Our
own data demonstrated a stringent energy
requirement for secretory discharge in the
exocrine pancreatic cell and, hence, the
existence of a second energy-dependent
lock that controls the flow of secretory
products from secretion granules into the
acinar lumina (52). Our data also showed
that discharge can proceed in the absence
of continuous protein synthesis (52).
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Fig. 10. Pancreatic exocrine cell, apical region; /, lumen; oz, occluding zonules; zg,, discharging
zymogen granule; zg,, zymogen granules still in storage (x 110,000).

In certain glandular cells, pancreatic ex-
ocrine cells included, discharge is inter-
mittent and well integrated with other ac-
tivities of the organism. In such cases, the
cell, which without stimulation discharges
at a slow, liminal rate, responds to stimu-
lation by either hormones or neurotrans-
mitters by a dramatic step-up in the rate of
exocytosis. The stimulus-secretion cou-
pling (77) often involves a cyclic nucleotide
generating system (adenylate cyclase in

most cases) and one or more protein ki-
nases (78). But this coupling also involves a
depolarization of the plasmalemma. In the
case of the pancreatic exocrine cell, stimu-
lation definitely leads to membrane de-
polarization (79), while the activation of a
cyclic nucleotide system is still uncertain
[compare (80) and (78)]. The final target of
the protein kinases is unknown in secretory
cells. A hypothesis advanced a few years
ago ascribes this role to tubulin (8/), but

the evidence in this case is open to ques-
tion. Results obtained on other systems
(82) suggest that the target might be a
membrane protein.

In recent years, a number of agents acti-
vating or inhibiting exocytosis have been
described. Among the latter, colchicine
and the vinca alkaloids have received con-
siderable attention (83), the general as-
sumption being that their inhibitory effect
implies the involvement of microtubules in
exocytosis. At present the situation is
rather confused, and a reasonable inter-
pretation of the numerous and in part con-
tradictory data is hardly possible. A dis-
tinction should be made between agents di-
rectly affecting fusion-fission and agents
affecting the superimposed regulatory sys-
tems that activate and inactivate the cou-
pling between stimulation and secretion.
Colchicine appears to affect the basic
mechanism rather than its controls, since it
inhibits discharge in hepatocytes (84, 85),
that is, in cells that appear to lack a stimu-
lus-secretion coupling. In these cells the ef-
fect has been localized at discharge, the
last step in the secretory process, all pre-
vious steps being unaffected (85). But the
involvement of microtubules remains open
to question since, at least in hepatocytes,
the inhibitory effect is prompt and reaches
its maximum long before the depolymeri-
zation of the microtubules becomes mor-
phologically detectable. Hence, alternative
targets should be considered, especially be-
cause colchicine binds to membranes (86)
and inhibits a number of transport mecha-
nisms in the plasmalemma (87).

As already mentioned, there is no elabo-
rate organization involving microtubules
and microfilaments in the apical region of
the pancreatic exocrine cells. A rather
modest fibrillar feltwork (terminal web) is
found under the luminal plasmalemma,
but there is no fibrillar lining on the cy-
toplasmic aspect of the membrane of the

Fig. 11. Pancreatic exocrine cells, apical region. (a) Fusion of zymogen granule membranes followed by partial elimination of membrane layers
(arrows) (x 165,000). (b) Fusion of zymogen granule membranes (arrows) ( x 120,000).
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zymogen granules while still in storage.
However, a fibrillar shell (88) often ap-
pears around discharging zymogen gran-
ules when their membrane is already in
continuity with the plasmalemma. It is
continuous with the terminal web, it may
consist of contractile proteins (actin? myo-
sin?), and it may promote the expulsion of
the secretion granule content.

Effects of Exocytosis and Intracellular

Transport on Membrane Distribution

The end result of exocytosis is, on the
one hand, discharge of a secretory product
and, on the other hand, relocation of secre-
tory granule membranes in the plasma-
lemma. Under normal steady-state condi-
tions, excess membrane must be removed
from the receiving compartment (lumen)
and membrane must be added to the donor
compartment (secretion granules or Golgi
complex), since the distribution of mem-
brane amounts among these com-
partments remains relatively constant with
time.

The procedures used by the cell to re-
cover and redistribute membrane after ex-
ocytosis are unknown. Morphological
findings suggest coupled endocytosis; in a
few cases, namely in nerve endings (89)
and anterior pituitary cells (90), recovery
of organized membrane in the form of en-
docytic vesicles has convincingly been
demonstrated with the help of cy-
tochemical tracers. Moreover, in the case
of pituitary cells, the recovered membrane
was eventually traced to trans Golgi vacu-
oles and cisternae (90). But the exact na-
ture of this membrane and its ultimate fate
remain a matter of speculation.

In the case of discharge, the membranes
of the secretory granules can be viewed as
a set of individual vesicular containers that
move forward from the Golgi complex to
the surface during exocytosis and presum-
ably back to the Golgi complex during
coupled endocytosis. In the pancreas (97)
as well as in the parotid (92), the rate of
synthesis of the proteins of the granule
membranes is generally slower than the
rate of synthesis of the secretory proteins
contained in the granules. Hence, reutiliza-
tion or recycling of the membrane contain-
ers is possible in principle, but so far has
not been proved.

Assuming that a similar shuttling sys-
tem of membrane containers operates be-
tween the rough endoplasmic reticulum
and the Golgi complex, recent evidence in-
dicates that there is no mixing among ei-
ther the lipid (61, 62) or the protein (60, 93)
components of the membranes of the two
compartments in the pancreas (guinea pig)
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and in the liver (rat). These findings impose
stringent limitations on membrane inter-
actions since they suggest that lateral dif-
fusion of components is prevented at the
time the membranes of the two com-
partments establish continuity, and that in-
coming membrane is removed from the re-

Fig. 12. Intestinal epi-
thelium, goblet cell
(rat). Fusion of secre-
tion granule mem-
branes with the plas-
malemma; long arrow,
simple fusion; short ar-
row, fusion with partial
elimination of mem-
brane layers; /, lumen;
mv, microvili  (x
105,000).

Discharge

Secretion
granule

ceiving compartment according to a non-
random formula (60).

The situation may appear unexpectedly
complicated, even confusing, but in fact it
makes sense since the final result of the re-
strictions mentioned is the preservation of
functional specificity for the membrane of

limingtion

Fig. 13. Diagram of membrane interactions during secretory discharge.
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each compartment. This specificity is im-
plied in both the old concept of “marker
enzyme” and in the newer ideas on sequen-
tial modification of secretory proteins as
they move along the secretory pathway.
The most convincing example is that of the
successive glycosylation of glycoproteins
(41, 42, 54). The main difficulty is that we
do not have at present any clear idea about
the means used by the cell to carry through
the various steps of the secretory process
while imposing and maintaining the re-
strictions mentioned.

These are intriguing and challenging
problems that stress the need for extending
the inquiry from the processed product to
the processing apparatus, especially to the
membranes that outline the compartments
that form the processing apparatus. Fur-
ther understanding of the secretory process
is now becoming dependent on adequate
information on the chemistry of these
membranes and on the reactions involved
in their interactions.

Variations on a Common Theme

The functional analysis of the pancreatic
exocrine cell gave us a reasonably good
representation of the steps generally in-
volved in the secretory process. In addi-
tion, it helped us understand a series of
special cases in other cell types which now
appear to be recognizable variations on the
theme already described (Fig. 14).

Endocrine cells producing peptide or
protein hormones follow the same se-
quence of operations but apparently dis-
charge their secretory product along the
entire plasmalemma (57), instead of dis-
charging within restricted plasmalemmal
domains as exocrine cells do. In many se-
cretory cells (such as fibroblasts, chondro-
cytes, and plasma cells), the concentration
step is omitted, secretion granules of usual
appearance are absent, intracellular stor-
age is reduced in duration or eliminated,
and discharge seems to take place contin-
uously. In such cells, the applicability of
the last three steps of the general scheme
was in doubt and the possibility of direct
discharge from the cisternal space of the
endoplasmic reticulum was considered
(94). But recently, equivalents of secretion
granules were recognized in special fibro-
blasts, that is, odontoblasts (95), as well as
in ordinary fibroblasts after treatment with
colchicine (96). Their secretory process
now appears as a variation on the common
theme with the variant step resulting from
lack of extensive concentration in the
Golgi complex. In plasma cells the equiva-
lent of the secretion granule is still not yet
identified (42).
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Fig. 14. Secretory process: variations on a com-
mon theme.

In polymorphonuclear neutrophil and
eosinophil granulocytes, secretion granules
are preferentially discharged into endocy-
tic vacuoles (97), discharge at the cell sur-
face occurring only under special condi-
tions (98). In eosinophils, the entire popu-
lation of secretion granules consists of pri-
mary lysosomes, while in neutrophils the
population includes “‘specific granules” in
addition to primary lysosomes. In both cell
types, all secretory proteins—irrespective
of their nature—appear to be produced
and processed according to the general
scheme worked out for the pancreatic ex-
ocrine cell, except for the variant already
mentioned at the discharge step (99).

In macrophages, discharge of secretory
proteins is also preferentially effected into
endocytic vacuoles, but in addition the
concentration step is apparently omitted.
A dilute solution of acid hydrolases is car-
ried, probably by small vesicles (the local
equivalent of primary lysosomes), from the
Golgi complex to endocytic vacuoles. The
latter are also able to fuse with secondary
lysosomes, which provide a secondhand
source of hydrolases (/00). The variation
on the common theme used by macro-
phages seems to be applied in all cells ca-
pable of autophagy and low-efficiency het-
erophagy—including cells specialized in
protein production for export, such as the
hepatocytes, exocrine cells of the pancreas,
and cells of the anterior pituitary. A spe-
cial problem arises in this case in con-
nection with the separation of regular ex-
portable proteins from lysosomal hydro-
lases. The separation seems to be reason-
ably efficient, although not perfect, since
acid phosphatase activity has been repeat-
edly detected by histochemical procedures
within regular secretion granules—mature
and immature—and within trans Golgi cis-

ternae (58, 101). In addition, it has been
postulated that in a number of cell types
lysosome formation takes place in a spe-
cial compartment, called GERL (Golgi-
endoplasmic reticulum-lysosomes) (/02),
intercalated between the endoplasmic re-
ticulum and trans Golgi elements. It is evi-
dent that all these cells are capable of han-
dling concomitantly, and probably in the
same production apparatus, two ‘‘in-
compatible” lines of secretory proteins,
but the means by which the products are
separated or their inactivation prevented
(in case of mixing) remain unknown. This
riddle must also have an interesting an-
swer.

Finally, another variation on the com-
mon theme has been found in glandular
cells, which produce protein or glycopro-
tein hormones and are faced with an excess
of stored product (51, 101). In this case the
secretion granules are discharged directly
into secondary lysosomes by simple mem-
brane fusion. The process, called crino-
phagy, was originally discovered in pitui-
tary mammotrophs (/01), but further work
has shown that it probably occurs in all the
cells of the anterior pituitary (5/) and
probably in those of many other glands.
The use of lysosomes for degrading excess
secretory proteins stresses once more the
need for understanding protective means
against lysosomal hydrolases, which must
be at work along the entire secretory path-
way beginning with the endoplasmic retic-
ulum.

On the Generality of the

Secretory Process

The evidence already discussed stresses
the role played by the endoplasmic retic-
ulum and the Golgi complex in the produc-
tion and processing of secretory proteins.
The stress put on secretion leads, however,
to an apparent impasse. Since every eu-
karyotic cell possesses both an endoplas-
mic reticulum and a Golgi complex, it fol-
lows that all eukaryotic cells secrete pro-
teins or that the organs of the secretory
pathway have additional, perhaps more
general and more important functions than
secretion, which have been ignored or are
still unknown.

This problem actually concerns fewer
cell types than generally assumed, since se-
cretion of macromolecules has been recog-
nized in recent years as an important activ-
ity in a wide variety of cells. Interestingly
enough, all plant eukaryotes are secretory
cells, since they produce and discharge the
polysaccharides and proteins of their cell
walls (/03). Among animal eukaryotes,
male (/04) and female (105) gametes pro-
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duce protein for extracellular use (106),
and so do secretory nerve cells (/07), in-
cluding adrenergic (76) and presumably
cholinergic (108) neurons. Smooth muscle
cells have been recently recognized as pro-
ducers of collagen, elastin, and other pro-
teins of the intracellular matrices (/09),
and the same probably applies for a variety
of epithelia (including the vascular endo-
thelium) in relation to the production of
the corresponding basement membranes
(110). ‘

For those animal cells for which a pro-
tein product for extracellular use has not
been identified, an acceptable answer is
provided by the production of lysosomal
enzymes. As already mentioned, the pro-
duction of these enzymes involves the same
secretory apparatus (that is, the endoplas-
mic reticulum and the Golgi complex) and
the same sequence of steps (except for ex-
tracellular discharge) as in bona fide
glandular or secretory cells. It appears,
therefore, that—for the moment and with
the evidence at hand—the problem can be
solved in favor of the first alternative; that
is, all eukaryotic cells produce secretory
proteins, the basic general secretory func-
tions being the production of cell wall com-
ponents in plant cells and the production of
lysosomal enzymes in animal cells. To
some extent, each type of basic production
must be represented in the other kingdom.
On top of these lowly but ubiquitous secre-
tory activities appears to be superimposed
the production of highly specialized pro-
teins exported by a variety of differentiated
cell types. Our attention has been focused
on the latter long enough to lose proper
perspective and to assume (as we did until
recently) that the secretion of proteins is a
specialized function restricted to a few,
highly differentiated, glandular cells.

Notwithstanding the conclusion just
stated, the second alternative —that is, the
involvement of the secretory pathway in
another general but still unrecognized
function—is not excluded. Among the non-
secretory functions postulated for the en-
doplasmic reticulum and the Golgi com-
plex is the production of cellular mem-
branes, plasmalemma included [for ex-
ample, see (56)]. At present this postulate
rests only on suggestive evidence, most of
it morphological. This situation brings us
back to the necessity of obtaining detailed
and—if possible-—comprehensive data on
the chemistry and function of the different
membranes of the secretory pathway and
on their interactions. With this type of in-
formation, the second alternative could be
put to test, and in the same time our under-
standing of the secretory process and of the
basic organization of eukaryotic cells
could be further advanced.
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Discovery of Pulsars:
A Graduate Student’s Story

Holmbury St. Mary, Surrey. Perhaps
the most dramatic scientific event of the
last decade was the discovery in 1967 of the
celestial objects known as pulsating radio
stars or pulsars. The radioastronomy
group at Cambridge, England, announced
their detection of a wholly novel class of
stars which beamed out pulses of radio
waves with extraordinary rapidity and pre-
cision. The pulsars were soon determined
to be neutron stars, the long-postulated
embers of stellar evolution that astrono-
mers had assumed were too faint ever to be
detectable from Earth. And the public who
followed these events enjoyed the frisson of
learning that the Cambridge astronomers
had for a time considered the signals might
originate from another civilization, in to-
ken of which they had nicknamed the pul-
sars LGM stars, for ““little green men.”

Just how pulsars came to be discovered
is a historically important case study in
serendipity. The manner of the discovery is
also of topical interest because of a dispute
that has blown up over the award of last
year’s Nobel prize for physics. For the first
time, the prize went to astronomers, and
the Nobel committee honored Martin
Ryle, leader of the Cambridge radio-
astronomy team, and his colleague An-
thony Hewish, under whose supervision
pulsars were discovered (see Science, 15
November 1974).

Hewish’s citation was “for his decisive
role in the discovery of pulsars,” the quali-
fication being there because, as Hewish has
always acknowledged, the first finder of
pulsars was his graduate student, Jocelyn
Bell, now Burnell. Nobel prize committees
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have a reputation for doing their home-
work thoroughly, and if anyone thought
the credit had been wrongly distributed,
they kept their doubts to themselves, at
least until recently. This March, after a
lecture at McGill University, Montreal,
English theoretical astronomer Fred Hoyle
was reported to have described the award
to Hewish as a scandal. According to The
Times of London, Hoyle declared that
Burnell’s finding had been kept secret for 6
months while her directors *“ ‘were busily
pinching the discovery from the girl, or
that was what it amounted to.””” But the
victim of the alleged conspiracy disagreed.
““It’s a bit preposterous and he has over-
stated the case so as to be incorrect,” > she
told The Times’s reporter.

There the matter might have rested, but
a few days later Hoyle wrote from Rice
University, Houston, where he was teach-
ing at the time, to say that his views had
been ‘“‘only crudely represented.” While
not in fact repudiating any of the remarks
attributed to him in the initial article,
Hoyle proceeded to lay out his case more
precisely. The actual discovery of pulsars,
he said in his letter to The Times (pub-
lished 8 April), seemed to have taken place
in the 2-month period up to September
1967, but the finding was not published un-
til February 1968, by which time it had ac-
crued 5 authors including Hewish and Bell,
together with four others who were cited
for help in the discussions that led to the
report. The publication consisted of two
parts: the detection of the first pulsar, and
a follow-up investigation. The second part
of the process was guided by Hewish, but

in toto [R. G. Kessel, Z. Zellforsch. Mikrosk.
Anat. 89, 17 (1968)].
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111. This lecture is dedicated with affection and grat-
itude to Keith Porter, Philip Siekevitz, James
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dolesi, Gustav Dallner, Yutaka Tashiro, Tsuneo
Omura, Gunter Blobel, Alan Tartakoff, David
Castle, and George Scheele, my good colleagues
and companions in the work carried out on the
endoplasmic reticulum and secretory process.

could have been done equally well by other
observatories, Hoyle opined. The discov-
ery of the signals by Burnell, and her find-
ing that the source of the signals changed
position with the stars, was what consti-
tuted the crucial step: “Once this step had
been taken, nothing that happened from
there on could have made any difference to
the eventual outcome.” Hoyle continued:

There has been a tendency to misunderstand
the magnitude of Miss Bell’s achievement, be-
cause it sounds so simple—just to search and
search through a great mass of records. The
achievement came from a willingness to con-
template as a serious possibility a phenomenon
that all past experience suggested was impos-
sible. I have to go back in my mind to the dis-
covery of radioactivity by Henri Becquerel for a
comparable example of a scientific bolt from the
blue.

I would add that my criticism of the Nobel
award was directed against the awards com-
mittee itself, not against Professor Hewish. It
seems clear that the committee did not bother it-
self to understand what happened in this case.

It says nothing as to the merits or de-
merits of Hoyle’s argument to note that his
letter is part of a long series of dissensions
which have made British astronomy a
game quite unfit for children. The dispute
has led, in one way or another, to Hoyle’s
resignation from his Cambridge Institute
of Theoretical Astronomy (see Science, 2
June 1972) and to the resignation of Mar-
garet Burbidge, now at the University of
California, San Diego, from the director-
ship of the Royal Greenwich Observatory
(see Science, 30 November 1973).

Hoyle’s letter presented Hewish with the
virtually no-win choice between saying
nothing, thus seeming to have nothing to
say, and defending his role in the discovery
at Burnell’s expense, with the risk of ap-
pearing somewhat ungallant. His decision
was to reply with restraint (11 April),
saying in effect that Burnell had been using
his telescope, under his instructions, to
make a sky survey which he had initiated.
There were several problematical features
of the pulsed source—a slight variability in
its time of appearance, the possibility that
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