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ABSTRACT Dextran was used to trace membrane retrieved
from the luminal surface after induced exocytosis in secretory
cells of rat lacrimal and parotid glands. Two different ap-
proaches were used: (a) isolated acini were incubated in vitro
with dextran followed by stimulation with carbamylcholine
(lacrimal) or isoproterenol (parotid) and (b) rats were injected
with isoproterenol followed by dextran infusion into the parotid
duct in vivo. The main findings were the same regardless of the
gland source or experimental approach. Dextran was taken up
initially via coated pits into smooth-surfaced apical vesicles.
Shortly thereafter it was found in multiple cell compartments:
within the stacked Golgi cisternae, in condensing vacuoles, and
in lysosomes. Uptake was more rapid and uniform in vivo;
dextran was seen in multiple cisternae of numerous Golgi
complexes within 5 min after infusion. In acini incubated in
vitro uptake into Golgi cisternae was more delayed and oc-
curred with increasing frequency up to 60 min; also, more dex-
tran was taken up into Iysosomes, which were more numerous
in vitro than in vivo. The results demonstrate that, after exo-
cytosis, membrane is removed from the cell surface via vesicles
that fuse with multiple cell compartments. The two novel
findings are: (a) the demonstration that the tracer can reach
most of the Golgi cisternae in a given stack and (b) the demon-
stration of the rapidity with which the process takes place (i.e.,
within 5 min). The findings imply that at least some membrane
retrieved from the cell surface after exocytosis fuses with the
stacked Golgi cisternae.

Release of macromolecular secretory products from glandular
cells occurs primarily, if not exclusively, by exocytosis. During
this process the limiting membranes of secretion granules are
inserted into the plasmalemma. This implies that a comparable
amount of membrane must be removed from the cell surface
since under normal conditions the distribution of membranes
among participating compartments, including the plasma-
lemma, remains constant (1). Little is known concerning the
nature or fate of the membrane removed from the surface of
glandular cells. Available biochemical data indicate that in
acinar cells of the pancreas (2) and of the parotid gland (3), the
proteins of granule membranes are synthesized at a much
slower rate than secretory proteins, suggesting that granule
membrane components may be recovered and used for pack-
aging of successive waves of secretion granules (1-3). Previous
morphological studies using various electron-opaque tracers
clearly indicate that some membrane is retrieved by endocytosis
in secretory cells. However, there has been no agreement con-
cerning the distribution of the retrieved membrane that has
been variously claimed to fuse with lysosomes (4-7), GERL (8),
and the innermost (trans) Golgi cisterna (9-11).

In this study we have used dextran to trace the route taken
by internalized plasma membrane in acinar cells of rat lacrimal
and parotid glands after stimulation of exocytosis, and we
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present evidence suggesting considerable involvement of the
stacked Golgi cisternae in these events.

MATERIALS AND METHODS
Animals. Male albino rats (Spragjie-Dawley or Wistar

strain), weighing 80-100 g, were used in these experiments. In
order to achieve functional synchrony of the cell population in
parotid gland cells, rats were starved for 16 hr prior to use. For
experiments with lacrimal gland, rats were kept on a normal
laboratory diet until they were killed.

Materials. Dextrans T-10 (molecular weight 10,500) and
T-40 (molecular weight 44,000) were obtained from Pharmacia
Fine Chemicals; soybean trypsin inhibitor and crude collage-
nase (Type IV) from Worthington; carbamylcholine chloride
and isoproterenol from Sigma Chemical Co.; Medium 109
(minimum essential medium; MEM) from Grand Island Bio-
logical Co.; L-[3H]leucine (specific activity 51 Ci/mmol) from
Schwarz/Mann; and bovine albumin fraction V from Armour
Pharmaceutical Co.

Preparation of Isolated Acini from Rat Lacrimal and
Parotid Glands. Rats were decapitated and their lacrimal
glands excised. Parotid glands were removed under light ether
anesthesia. Single lobules were excised (11) and transferred to
a 25-ml Erlenmeyer flask containing 5 ml of MEM, collagenase
(1 mg/ml) and soybean trypsin inhibitor (0.2 mg/ml). The flask
was placed into a shaking water bath at 370 and the medium
was equilibrated by constant gassing with 95% 02 and 5% CO2.
After 1 hr of incubation, lobules were subjected to gentle
shearing by pipetting through freshly siliconized pasteur pi-
pettes with an inner tip diameter of '200 ,um. This crude
preparation was filtered through a 100-,um Nytex filter (to re-
move nondispersed lobules). The acini in the filtrate were al-
lowed to settle and the supernatant (containing cell debris and
fibroblasts) was removed. The isolated acini were then washed
twice with MEM containing soybean trypsin inhibitor (0.2
mg/ml) and albumin (1 mg/ml) at 40, resuspended in MEM,
and kept at 370 in a shaking-water bath until needed (usually
30 min-i hr). This procedure is similar to that worked out for
the guinea pig pancreas by Amsterdam et al. (12).

Evaluation of Functional Integrity of Isolated Acini. The
ability of isolated acini to synthesize and release secretory
products was analyzed and compared to that of intact lobules
(13). Isolated lobules or acini were (a) incubated continuously
in MEM containing L-[3H]leucine (500 ,uCi/ml) and incorpo-
ration of radioactivity into protein was studied over a period
of 1 hr; or (b) pulse-labeled with L-[3H]leucine (500,uCi/ml)
for 3 min at 370, chased for 2 hr, and then stimulated for se-
cretory release with 10,uM carbamylcholine chloride (lacrimal
gland) or with 1 ,uM isoproterenol (parotid gland). Radioactivity

Abbreviation: MEM, minimum essential medium.
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in cell homogenates and media samples was determined and
related to total DNA (14).

Exposure of Isolated Acini to Dextrans (Suspension Ex-
periments). Dextrans T-10 and T-40 were dissolved in MEM
(100-200 mg/ml). The solution was sonicated for 20 min and
then filtered by Millipore filters (0.22 ,um pore diameter) to
remove aggregates. Isolated acini were suspended in freshly
filtered, dextran-containing media gassed with 95% 02 and 5%
CO2 at pH 7.3. After a 30-min incubation at 370, carbamyl-
choline (10 gM) was added to lacrimal gland acini or isopro-
terenol (1 WM) to parotid gland acini to stimulate discharge of
secretion granules. Samples were removed at intervals ranging
from 0 to 1 hr after initiation of exocytosis and prepared for
electron microscopy.

Injection of Dextrans into Parotid Duct (Infusion Exper-
iments). Rats were given two injections (1 mg each) of isopro-
terenol intraperitoneally 15 min apart. Fifteen minutes after
the last injection, they were anesthesized with ether and chloral
hydrate, the parotid duct was surgically exposed, and dextran
T-10 or T-40 (100 mg/ml in saline) was infused for 1-2 min
through a 30-gauge hypodermic needle. The pressure applied
during infusion was monitored constantly and ranged from 10
to 30 mm Hg in different experiments. At intervals of 0-30 min
after infusion, small pieces of tissue were removed and prepared
for electron microscopy.

Tissue Processing Isolated lobules or small tissue blocks were
fixed in the fixative mixture of Simionescu et al. (required for
visualization of dextrans) (15) for 3 hr at 4°, dehydrated in
ethanol, and embedded in Epon.

RESULTS
In thin sections of tissues and isolated acini prepared as de-
scribed above, dextran T-10 or T-40 appears as dense particles
measuring 20-40 nm in diameter. These large particles are
believed to result from aggregation of single dextran molecules
during fixation (15, 16).

Morphological and Functional Integrity of Isolated Acini.
Structural integrity was well maintained, and the detailed or-
ganization of acinar cells resembled that described in intact rat
parotid (17, 18) and lacrimal (19) glands. Occluding zonules,
desmosomes, and gap junctions appeared morphologically in-
tact. Upon stimulation with the appropriate secretogogue,
images of exocytosis and enlargement of luminal plasmalem-
mae were observed, and the number of secretion granules was
usually greatly reduced. However, the extent of this response
varied considerably in different acini. In such stimulated acinar
preparations (as well as in experiments with parotid glands in
vivo), the Golgi apparatus came in close proximity to the apical
plasmalemma-i.e., as close as 0.5 ,um.

Isolated acini from both glands incorporated L-[3H]leucine
(100-150 nmol of leucine/mg of DNA per hr) and released
newly synthesized L-[3H]leucine-labeled protein upon stimu-
lation (25-30% of total L-[3H]leucine-labeled cell protein) at
rates comparable to intact lobules (13). Dextran in concentra-
tions up to 10% did not affect rates of protein synthesis or re-
lease.

Lacrimal and Parotid Gland Acini Incubated in Dextran.
With dextran T-10 the findings were the same with both lac-
rimal and parotid acinar cells. Ten minutes after the exposure
of acini to dextran T-10, tracer particles were present in only
a few lumina. In cells surrounding such lumina, dextran par-
ticles were frequently found within invaginations of the apical
cell membrane and in small (100-300 nm) round or oval vesicles
located mainly in the apical portion of the cell between the
Golgi complex and the luminal cell surface (Fig. 1 upper). The
invaginations or pits were usually bristle-coated (see Fig. 4B)
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FIG. 1. Isolated acini from rat lacrimal gland incjbated with
dextran T-10. (Upper) Initially (after 10 min of incubation), dextran
particles are seen in the lumen (L) concentrated along the apical cell
membrane and in numerous vesicles (ve) in the apical cytoplasm. The
vesicles appear distended after dextran uptake. (X17,000.) (Lower)
Later (60 min), dextran is found within the Golgi cisternae. Here it
is present in three ofthe stacked cisternae (1-3). Note that those that
contain dextran are distended as compared to those that do not
(arrow). (X38,000.)

whereas the apical vesicles were usually smooth-surfaced.
Coated vesicles present on the trans-side of the Golgi complex
did not contain dextran particles. After 30 min, the number of
lumina containing dextran and of cells with dextran-labeled
vesicles had increased; however, dextran particles never reached
all lumina in a given preparation. After 1 hr, in addition to
apical vesicles, dextran particles were frequently seen in Golgi
cisternae (Figs. 1 lower and 2), in condensing vacuoles located
on the trans-side of the Golgi stacks (Fig. 2), and in lysosomes
(Fig. 3 left). In the Golgi complex, as many as three or four
successive cisternae in the same stacks were labeled (Fig. 1
lower), and the dextran particles were preferentially located
within their dilated rims (Fig. 2 left). Cisternal elements were
usually much more heavily labeled in the trans than in the cis
portion of the stacks. The cisternae that contained dextran
particles appeared somewhat more distended than cisternae
without dextran (Fig. 1 lower).
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FIG. 2. Acini from rat lacrimal gland incubated for 60 min with dextran T-10. (Left) Dextran particles within the stacked Golgi cisternae
(arrows) where the particles are concentrated in their expanded rims. (X76,000.) (Right) Dextran within several smooth-surfaced vacuoles (cv),
located on one side of the Golgi stacks, which resemble condensing vacuoles in size and shape. Dextran is also present in one of the Golgi cisternae
located on the opposite side of the stack (arrow). (X60,000.)

The findings with the higher molecular weight dextran T-40
were different in lacrimal and parotid acini. In the parotid,
particles were found in the same intracellular compartments
with T-40 as with T-10. In lacrimal cells, however, dextran T-40
was not found in apical vesicles or in the Golgi cisternae, but
*was limited to the lumen, the intercellular spaces, vesicles lo-
cated along the lateral plasma membrane, and lysosomes.

Infusion of Parotid Duct with Dextran In Vivo. Upon
stimulation with isoproterenol, frequent images of exocytosis
and enlargement of the luminal cell surfaces were observed.
Immediately after infusion of dextran T-10 or T-40, acinar
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FIG. 3. Dextran within lysosomes from parotid gland cells. (Left)
A dense body containing large amounts of dextran concentrated at
its periphery from an isolated acinar preparation incubated in dextran
(T-10) (X31,000.) (Right) A few clumped dextran particles are seen

within a multivesicular body of a parotid acinar cell from an animal
infused with dextran. (X55,000.)

lumina were filled with dextran particles (Fig. 4A). In contrast
to the in vitro experiments described above, all acini contained
dextran, with the number of particles varying from lumen to
lumen. Junctional complexes appeared morphologically intact,
and no dextran was seen in the lateral intercellular spaces. The
striking finding in these preparations was that as early as 5 min
after infusion, particles were found not only in coated pits (Fig.
4B) and apical vesicles, but also in the cisternae of most Golgi
complexes (Fig. 4 C and D). Usually, particles were seen in
several cisternae in the stack, but relatively few dextran particles
were found located in a given Golgi cisterna. Dextran particles
have not been observed within the narrow cisternal structure
at the inner (trans) face of the Golgi apparatus (Fig. 4D) cor-
responding to GERL (18, 20). Thirty minutes after infusion,
most of the images of exocytosis had disappeared and dextran
particles, although reduced in amount, were still visible within
the lumen and the compartments described above. Occasion-
ally, dextran particles were found in multivesicular bodies near
the trans-side of the Golgi complex (Fig. 3 right).

DISCUSSION
Dextran has been used as a tracer to investigate membrane
retrieval following exocytosis in secretory cells. The main
findings are that after a secretory stimulus in vivo or in vitro,
dextran particles are rapidly taken up from the apical surfaces
of cells of the parotid or lacrimal gland by incorporation into
smooth-surfaced vesicles located near the apical plasmalemma;
shortly thereafter, dextran particles are typically found in a
series of distinct intracellular compartments, namely, in several
of the stacked Golgi cisternae (where the tracer appeared
concentrated in their dilated rims), in condensing vacuoles in
the Golgi region, and in lysosomes. Dextran has access to all
these compartments, presumably as a result of their fusion with
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FIG. 4. Parotid acinar cells from rats given isoproterenol followed
by an in vivo infusion of dextran T-40 into the parotid duct. (A) Cells
from a gland fixed immediately after infusion show dextran particles
filling the acinar lumen (L). The latter is enlarged as a result of the
extensive exocytosis induced by isoproterenol treatment. (X20,000.)
(B) Cells from another gland fixed within a few minutes after injection
of dextran show particles within coated pits or invaginations of the
apical cell surface (in) that have a cytoplasmic surface coat. (X48,000.)
(C and D) Cells taken 5 min after infusion show that at this very early
time point a few dextran particles are already seen in the stacked Golgi
cisternae, where they are preferentially located in the dilated rims
(arrows in C). Dextran particles are not present within a tubular
cisterna resembling GERL (18) located on the trans-side of the Golgi
stacks (arrow in D). sg, secretion granule. (C, X57,000; D,
X36,000.)

dextran-containing apical vesicles. Two novel aspects of our
findings deserve to be stressed; first, the evidence that surface
(luminal) membrane moves as apical vesicles to the interior of
the cell and their content reaches-directly or indirectly-most,
if not all, of the stacked Golgi cisternae, and, second, the
demonstration of the rapidity with which movement of the

vesicles and their interaction with Golgi cisternae takes place,
i.e., within 5 min.

In this work we have used two different glands (lacrimal and
parotid) and two different experimental systems: (a) isolated
acini from both lacrimal and parotid glands incubated in vitro
in dextran-containing media, and (b) parotid glands infused
in vivo with a solution of dextran. The general findings con-
cerning movement of membrane to multiple intracellular
compartments, including Golgi cisternae, were the same re-
gardless of the source of the tissue or the experimental approach.
However, there were some differences between the findings
in vivo and in vitro in the timing and in the relative amount of
tracer seen within different compartments. In acini incubated
in vitro the total amount of tracer seen in all the labeled com-
partments was greater than in vivo, and the same applied to the
relative amount of tracer found in lysosomes. In addition, the
time required for incorporation was more variable and ususally
longer, presumably because of the time needed for diffusion
of dextran into the lumina. In the parotid infused in vivo, the
amount of tracer incorporated was less, but there was much
more rapid and uniform uptake of tracer, presumably at least
in part because the tracer effectively reached all the apical cell
surfaces rapidly and simultaneously. In addition, traffic to the
Golgi cisternae and condensing vacuoles clearly predominated
over that to lysosomes since less tracer was taken up into lyso-
somes (which were less numerous than those seen in vitro). The
in vivo system also had the advantage that, since only the apical
surface was exposed to tracer, incorporation of tracer from the
lateral and basal cell surfaces could be ruled out. The com-
parative observations obtained under different conditions
suggest that not only is the incoming vesicle traffic multiple and
complicated in secretory cells, but also that the cell can some-
how direct the traffic preferentially from one compartment to
another.

It should be stressed that dextran is a content rather than a
membrane marker, since as far as it is known it does not bind
to membranes. This means that with this tracer we can recog-
nize the compartments with which the incoming vesicles fuse
but we cannot trace the fate of the specific membrane patches
after the fusion with the receiving compartment.

Previously, cytochemical tracers such as hor eradish perox-
idase or particulate tracers such as ferritin or deitran have been
used to study membrane retrieval in a variety of cells (4-10,
21-28). In all cases uptake of tracer by endocytosis has been
noted, but only in anterior pituitary cells and neurons (11) has
the marker been traced to the Golgi complex t where it was
usually found to be limited to a single cisterna located along the
trans-side of the Golgi stacks (9, 10). By comparison with these

t In neurons, however, Gonatas et al. traced lectin receptors to one or
two cisternae which were initially identified as part of the Golgi
apparatus (11), but were later referred to as GERL (8).
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FIG. 5. Diagrammatic representation of interactions between
cellular compartments and the cell surface in secretory cells of rat
lacrimal and parotid. On the left the usual secretory pathway is de-
picted, showing the route followed by secretory products from con-

densing vacuoles (cv) to secretion granules (sg), which fuse with the
apical cell surface. On the right is shown the pathway taken by
membrane retrieved from the cell surface as traced by dextrans.
Patches of surface membrane with a coat on their cytoplasmic face
invaginate (in) and pinch off, losing their coats in this process. The
apical vesicles (ve) formed thereby have multiple options for move-
ment to other cellular compartments: they can move to the stacked
Golgi cisternae, preferentially to their distended rims (1), to con-
densing vacuoles (2), or to lysosomes (3).

earlier results, our new findings demonstrate a considerably
more extensive labeling which involves practically all cisternae
of the Golgi stacks. Membrane retrieval and recirculation have
also been investigated in phagocytic cells (macrophages) (31)
heavily involved in endocytosis followed by lysosomal digestion.
The content marker used in these experiments was transported
to lysosomes, but was not found in the stacked Golgi cisternae.
It is not known whether these differences in the disposition of
tracers and the concomitant movement of membrane are re-

lated to the cell types investigated, the nature of the tracer, the
physiologic state of the cell, or a combination of these fac-
tors.

Specific protein uptake (29, 30) as well as membrane retrieval
(21, 23) during endocytosis has been related to coated vesicles.
We also obtained evidence that dextran is preferentially taken
up in coated pits in the cells of the rat parotid and lacrimal
gland; however, since the dextran-containing vesicles are usu-

ally smooth, it appears that the incoming vesicles are transiently
coated and rapidly lose their coat after internalization. A similar
situation has been encountered in other tissues (24, 29, 30).
Our observations do not give any indication as to whether the

segments of membrane removed from the apical plasmalemma
are the same membrane as that inserted during exocytosis.
However, recent freeze-fracture observations on the rat parotid
suggest that the former granule membrane may be specifically
internalized (32).

Nothing is known about the fate of the incoming membrane
that fuses with Golgi cisternae-i.e., whether it mixes with the
rest, remains in continuity but segregated, or transiently fuses
and pinches off again to fuse with another compartment (e.g.,
condensing vacuoles). For the moment our findings are limited
to the delineation of the existence of extensive vesicular traffic
between the apical plasmalemma and stacked Golgi mem-
branes and to the demonstration that tracer taken up at the
lumen reaches multiple Golgi cisternae and that presumably
the luminal membrane that carries it is retrieved in the Golgi
stacks (Fig. 5). However, on the basis of what is known already
about membrane traffic and membrane turnover, we believe
that our findings provide more direct and more extensive evi-

dence than previously available for the postulates (1, 33) that:
(a) granule membrane is recovered intact and recycled, and
(b) the piled Golgi cisternae represent a membrane reservoir
consisting, at least in part, of recovered granule membranes.
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