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Background: Acinar cells contain two vesicle-associated membrane proteins (VAMP) 2 and 8 for secretion.
Results: WT and VAMP8 knock-out acini expressing various regulatory protein constructs demonstrate VAMP2 regulates early
and VAMP8 late phases of secretion.
Conclusion: VAMP8- but not VAMP2-mediated secretion is dependent on anterograde endosomal trafficking.
Significance: Results provide mechanistic insight into how different zymogen granule VAMPs shape secretion.

Acinar cell zymogen granules (ZG) express 2 isoforms of the
vesicle-associated membrane protein family (VAMP2 and -8)
thought to regulate exocytosis. Expression of tetanus toxin to
cleave VAMP2 in VAMP8 knock-out (�/�) acini confirmed
that VAMP2 and -8 are the primary VAMPs for regulated exo-
cytosis, each contributing �50% of the response. Analysis of
VAMP8�/� acini indicated that although stimulated secretion
was significantly reduced, a compensatory increase in constitu-
tive secretion maintained total secretion equivalent to wild type
(WT). Using a perifusion system to follow secretion over time
revealed VAMP2 mediates an early rapid phase peaking and
falling within 2–3 min, whereas VAMP8 controls a second pro-
longed phase that peaks at 4 min and slowly declines over 20 min
to support the protracted secretory response. VAMP8�/�

acini show increased expression of the endosomal proteins Ti-
VAMP7 (2-fold) and Rab11a (4-fold) and their redistribution
from endosomes to ZGs. Expression of GDP-trapped Rab11a-
S25N inhibited secretion exclusively from the VAMP8 but not
the VAMP2 pathway. VAMP8�/� acini also showed a >90%
decrease in the early endosomal proteins Rab5/D52/EEA1,
which control anterograde trafficking in the constitutive-like
secretory pathway. In WT acini, short term (14 –16 h) culture
also results in a >90% decrease in Rab5/D52/EEA1 and a com-
plete loss of the VAMP8 pathway, whereas VAMP2-secretion
remains intact. Remarkably, rescue of Rab5/D52/EEA1 expres-
sion restored the VAMP8 pathway. Expressed D52 shows exten-
sive colocalization with Rab11a and VAMP8 and partially copu-
rifies with ZG fractions. These results indicate that robust
trafficking within the constitutive-like secretory pathway is
required for VAMP8- but not VAMP2-mediated ZG exocytosis.

Pancreatic acinar cells undergo robust constitutive and reg-
ulated secretion of large quantities of digestive enzymes neces-
sary for nutrient digestion and are a classic model to study
polarized epithelial protein secretion (1). Digestive enzymes or
zymogens are condensed in the trans-Golgi and emerge in the
cytoplasm as large immature secretory granules that then
undergo a poorly defined maturation process resulting in the
formation of large (�1-�m diameter) zymogen secretory gran-
ules (ZGs).3 The ZGs accumulate as a storage pool that under-
goes exocytosis over the next 2–24 h in response to hormone/
neurotransmitter stimulation of G-protein-coupled receptors.
As is well accepted in all cells, exocytosis is mediated by SNARE
complex assembly composed of vesicle-associated membrane
protein (VAMP) or vSNAREs on ZGs that interact with plasma
membrane (PM) target or tSNAREs of the syntaxin and
SNAP25 families (2). Previous studies have implicated a num-
ber of tSNAREs in acinar exocytosis including SNAP23 (on PM
and ZGs), syntaxin 2 (apical PM), syntaxin 3 (on ZGs) and syn-
taxin 4 (on basolateral and apical PM) (for review, see Ref. 3).
Two vSNAREs have also been identified on ZGs; VAMP2, a
major secretory vesicle SNARE involved in neural and endo-
crine secretion, and VAMP8, a ubiquitous SNARE originally
identified as playing a role in endosomal vesicle fusion.

One of the first demonstrations of a SNARE protein to reg-
ulate exocytosis outside of the nervous system was identified by
introducing tetanus toxin (TeTx) into streptolysin-O-perme-
abilized acinar cells to selectively cleave VAMP2, resulting in an
�30% reduction of Ca2�-stimulated amylase secretion (4). This
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was later confirmed by introducing additional proteins into
permeabilized acini including 1) soluble VAMP2 constructs to
sequester membrane-attached SNAREs, 2) neutralizing anti-
bodies to VAMP2, or 3) botulinum neurotoxin B, also known to
cleave VAMP2, each of which showed an �40 –50% reduction
in Ca2�-stimulated secretion (5–7). The lack of complete inhi-
bition indicated that additional VAMP isoforms likely play a
role in ZG exocytosis. The first evidence for VAMP8 as a ZG
vSNARE was unexpectedly discovered in VAMP8 knock-out
mice (VAMP8�/�), which showed gross morphological abnor-
malities in exocrine tissues of pancreas, parotid, and lacrimal
glands (8, 9). Isolated VAMP8�/� acini were reported to
undergo a �50% reduction in amylase secretion when calcu-
lated as a percent of total cellular amylase (10).

Despite the large diameter of ZGs, acinar cells have a limited
apical PM, comprising only �5% of total cell surface area. This
was proposed to be mitigated by the process of sequential com-
pound exocytosis (PM-ZG-ZG fusion) (11, 12). Live cell imag-
ing studies in isolated acini have shown that ZGs remain fused
with the apical PM for several minutes, allowing for the fusion
of one or more ZGs to the primary granule (11, 13, 14). We
previously provided evidence that acinar cells have at least two
populations of ZGs based on their relative expression of
VAMP2 and VAMP8 (6). VAMP2 accumulates in the most api-
cal regions along the PM and within cortical actin web under
basal conditions, whereas VAMP8 is recruited more slowly to
the apical PM with cell stimulation (6). In the current model for
compound sequential ZG exocytosis, VAMP2-positive ZGs
were proposed to initially fuse with the PM and contain the
requisite tSNAREs, syntaxin 3 and SNAP23, to interact with
VAMP8, thereby promoting ZG-ZG fusion (10, 15). Supporting
this, acini from VAMP8�/� mice are deficient in compound
exocytosis, potentially explaining the reduced secretion found
in these animals (10). However, intravital two-photon micros-
copy of the parotid gland conducted at 37 °C in live animals
identified that ZGs completely fuse with the PM, and their
membrane is retrieved in less than 1 min to prevent significant
expansion of the PM. Subsequent ZGs fuse directly with the
PM, and compound ZG fusion is not observed (16).

In addition to the classic ZG pathway, two parallel secretory
pathways were previously described based on the rapid secre-
tion of pulse-labeled zymogens from isolated pancreatic and
parotid lobules; these were termed the constitutive-like (CLP)
and minor-regulated pathways (MRP) (17–19). The CLP/MPR
were proposed to provide small amounts of secretion during
the interdigestive period and to potentially deliver tSNAREs to
the plasma membrane necessary for ZG exocytosis. The CLP
and MRP were proposed to originate by clathrin-dependent
budding from the trans-Golgi and immature secretory granules
and undergo anterograde trafficking through endosomal inter-
mediates before fusing with apical PM (20 –22). We recently
reported that when placed in culture (16 h), acinar cells lose
�50% of their stimulated-secretory response with no apparent
decrease in the expression of SNAREs necessary for ZG exocy-
tosis. Rather, cultured acini experience a rapid loss of the early
endosomal regulatory protein Rab5 and its interacting proteins
tumor protein D52 (D52) and early endosomal antigen 1
(EEA1) (23, 24). Restoration of D52 by adenoviral expression

coinduces the expression of Rab5 and EEA1 and restores a
majority of the secretory response. Furthermore, expressed
D52 was found to strongly colocalize with Rab11a, a primary
component of the apical recycling endosomal (RE) compart-
ment. Use of the Golgi- and endosomal-disrupting agent brefel-
din A together with cell surface labeling of the endolysosomal
protein, lysosome-associated membrane protein 1 (LAMP1),
implicated Rab5/D52/EEA1-mediated endosomal trafficking
in regulating the secretory activity of the CLP/MRP (22).
Results that a complete loss of the CLP/MRP compromised
only half of the secretory response raised an important question
regarding whether 1) the CLP/MRP are only indirectly involved
in ZG exocytosis or 2) acinar cells have two pathways mediating
ZG exocytosis, one of which is directly regulated by the
CLP/MRP.

VAMP8 was originally named endobrevin as it localizes to
early (EE) and late (LE) endosomes in most cells and was shown
to play a functional role in homotypic endosomal fusion in vitro
(25). In addition to its presence on ZGs, VAMP8 has been
shown to regulate secretory granule exocytosis in cytotoxic T
lymphocytes, mast cells, platelets, goblet cells, and pancreatic
�-cells (26 –30). In most of these cell types VAMP8-containing
secretory granules retain various amounts of membrane and
cargo proteins characteristic of endosomes and/or lysosomes
potentially providing a clue to the relationship of the endo-
somal/lysosomal compartment to VAMP8-containing secre-
tory granule formation/maturation. In the current study we
investigated the nature of VAMP2- versus VAMP8-mediated
secretion by utilizing acinar cells from WT and VAMP8�/�

mice together with short term (4 h) adenoviral expression of
TeTx light chain, which selectively cleaves VAMP2 on ZGs. We
further examined how altering endosomal trafficking acutely
alters ZG exocytosis mediated by these SNAREs. Results sup-
port that VAMP2-mediated exocytosis controls an early rapid
phase of secretion likely mediated by synaptotagmin 1 (syt1),
the Ca2� sensor for exocytosis in nerve and endocrine cells (31).
In comparison, VAMP8-mediated exocytosis produces a pro-
longed phase of secretion that requires an intact early endo-
somal compartment to function. Additional evidence is pro-
vided supporting that maturation of the VAMP8-positive ZG
pathway requires robust trafficking within the CLP and
involves the movement of the endosomal proteins D52 and
Rab11a to the ZG compartment.

EXPERIMENTAL PROCEDURES

Antibodies—Antibodies against D52 (32) and CRHSP24 (33)
were previously described. Antibodies for Rab11a (catalog no.
ab78337), Rab5 (catalog no. ab18211), TI-VAMP7 (catalog no.
ab36195), LAMP1 (catalog no. ab24107), VAMP8 (used for
some immunofluorescence, catalog no. ab89158), and VAMP4
(ab3348) were from AbCam. Antibodies for VAMP2 (catalog
no. 104211), VAMP8 (cat. no. 104303), and syntaxin 3 (cata-
log no. 110032) were from Synaptic Systems. Anti-EEA1 (cata-
log no. 610456) was from BD Biosciences. Antibodies for syt1
(catalog no. s2177) and VAMP2 (used for some immunofluo-
rescence, catalog no. gw21451) were from Sigma. An antibody
for Rab11a (used for some immunofluorescence, cat. no
71-5300) was from Invitrogen. A VAMP7 antibody (used for
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some immunofluorescence, catalog no. SC32592) was from
Santa Cruz. Anti-hemagglutinin mouse monoclonal antibody
was purchased from Cell Signaling Technology. The antibody
to pancreatic lipase was a kind gift from Mark Lowe (University
of Pittsburgh) (34). Anti-Alexa-conjugated rabbit and mouse
secondary antibodies were from Invitrogen. Peroxidase-conju-
gated secondary antibodies were from GE Healthcare. All anti-
bodies were characterized before Western blotting and immu-
nofluorescence labeling studies by serial dilutions to determine
optimal conditions and negative controls (usually secondary
antibody alone) to ensure specificity.

Other Reagents—Phadebas Amylase Assay kit was from
Magle Life Sciences, cholecystokinin (CCK-8) was from
Research Plus, Dulbecco’s minimal essential medium (DMEM),
essential amino acids, fetal bovine serum, TrypLE Express, pen-
icillin and streptomycin, Alexa-conjugated phalloidin, and
Image-iT� FX Signal Enhancer and Prolong gold antifade re-
agent with 4,6-diamidino-2-phenylindole (DAPI) were all from
Invitrogen. Bovine serum albumin, 12-O-tetradecanoylphor-
bol-13-acetate (TPA), 8-(4-chlorophenylthio) adenosine 3�,5�-
cyclic monophosphate (CPT-cAMP), and a protease inhibitor
mixture containing 4-(2-aminoethyl)benzenesulfonyl fluoride,
aprotinin, EDTA, leupeptin, and E64 were from Calbiochem.
Protein determination reagent, Bio-Beads, and nonfat dry milk
were from Bio-Rad. DNA Maxi, Mini-prep kits, PCR reagents,
and CytoTox 96 were purchased from Promega. SuperSignal
West Femto Chemiluminescent Substrate was from Thermo
Scientific. All other reagents were purchased from Sigma.
EGFP-Rab11a S25N adenovirus was a kind gift from Rejji Kuru-
villa (Johns Hopkins University). HA-D52 and GFP adenovirus
were previously described (22). TeTx adenovirus was previ-
ously described (35). Harvested adenovirus from AD-293 was
purified and concentrated by cesium chloride centrifugation.
Adenovirus titer was determined by plaque assay using agarose
overlay on AD-293 cells.

Isolation and Short Term Culture of Pancreatic Acini—The
University of Wisconsin Committee on Use and Care of Ani-
mals approved all studies involving animals. The previously
generated VAMP8�/� mice from C57/BL6 background were
genotyped with PCR, and VAMP8�/� animals were compared
with WT litter mates (8). Pancreatic acini were isolated from
male mice by collagenase digestion as previously described (36).
Culturing of acini was performed similarly to the method
described by Chen et al. (37). In brief, isolated acini were cul-
tured in 100 � 15-mm plastic Petri dishes in 20 ml of DMEM
supplemented with 0.5% FBS, 0.02% soybean trypsin inhibitor,
penicillin, and streptomycin for the indicated times at 37 °C, 5%
CO2 in a humidified atmosphere. Adenoviruses were added to
acini at specified titers in the culture medium for 4 –16 h incu-
bation. In control experiments �99% of acini expressed GFP
when added at 105 pfu/ml for 16 h. Protein expression was
optimized for each adenovirus by immunoblotting or in the
case of TeTx measuring VAMP2 cleavage in cell lysates. Addi-
tionally cell viability for all experimental conditions was deter-
mined by measuring leakage of cytosolic lactate dehydrogenase
to the medium over the final 3 h of culture (Table 1).

Acinar Secretory Assays—Pancreatic acini were stimulated as
previously described, and amylase released to the medium was

determined by Phadebas amylase assay as previously described
(22, 36). Secretion was expressed as a percent of total cellular
amylase and/or as amylase absorbance units normalized to total
cellular DNA. DNA concentration was measured using the
Hoechst reagent. Because cellular amylase activity and DNA
concentration were determined to be directly proportional (r �
0.99), for some experiments DNA concentration was deter-
mined from total cellular amylase activity based on a standard
curve. All data are the mean and S.E. of at least three separate
tissue preparations performed in duplicate or triplicate. p val-
ues were calculated using a paired Student’s t test.

Acini Perifusion—Isolated acini were suspended in 1 ml of
Bio-Gel P2 beads and perfused at a rate of 1 ml/min at 37 °C
using a peristaltic pump as previously described (38, 39). Sam-
ples were collected each min over 20 min for amylase analysis.

Cellular Trypsin Activity—Total cellular trypsinogen was
activated by incubation of lysates with enterokinase (1 ng/�l)
for 1 h at 37 °C. Activated trypsin was measured fluorometri-
cally as described previously (40, 41).

Tissue Fractionation—Post-nuclear supernatant, ZGs, cyto-
sol, and microsomes were purified from mouse pancreas as
described previously (36). Purification of ZGs from isolated aci-
nar cells was conducted as described (37). Equal amounts of
protein or DNA were separated by SDS-PAGE and analyzed
by immunoblotting. Protein expression was quantified by
densitometry.

TABLE 1
Lactate dehydrogenase activity present in the media was measured
following 3 h incubation of acini and expressed as percent of total
cellular Lactate dehydrogenase activity
As a positive control acini were stimulated with 10 nM CCK for 3 h to induce cell
damage resulting in a 5 fold increase in LDH leakage. * 	 0.05, n � 3 independent
experiments each performed in duplicate.
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Fixation of Pancreatic Lobules and Immunofluorescence—
Freshly prepared or cultured lobules were treated as indicated
and fixed in 2% formaldehyde in 1� PBS for 2 h at room temp.
After a series of sucrose dehydrations in 1� PBS at 4 °C, tissue
was embedded in Tissue Tek and flash-frozen in liquid nitro-
gen-cooled isopentane. Antibody labeling of cryostat sections
(8 �m) was from fresh or adenovirally infected lobules as pre-
viously described in detail (22).

Microscope Image Acquisition—Widefield images were cap-
tured using a Nikon Eclipse TE2000 microscope, a PlanApo
�100 oil objective with a numerical aperture of 1.4, and a
Hamamatsu Orca camera. After collection, images were decon-
volved and processed using Volocity software. Post collections,
in some instances, pseudo colors were applied. Confocal images
were captured using an inverted Nikon Eclipse Ti-E micro-
scope, a Plan Apo � 100 oil objective with a numerical aperture
of 1.4, a side-mounted scanhead, argon gas, DPSS and diode
lasers, and a work station running NIS-Elements C software.
Images were processed with Volocity or NIS-Elements AR
software.

RESULTS

WT and VAMP8�/� Mice Undergo Equivalent Amounts of
Amylase Secretion—VAMP8�/� mice reach normal weight at
maturity and have a similar pancreatic weight as WT litter-
mates (data not shown) but have a large accumulation of ZGs in
acinar cells (8), which is easily identified by differential interfer-
ence contrast microscopy (Fig. 1A). The accumulation in ZGs
corresponds with increased amounts of total cell protein (1.5-
fold) and the secretory digestive enzymes amylase (3.6-fold),
lipase (3.7-fold), and trypsinogen (4.5-fold) when normalized to
total cellular DNA (Fig. 1A).

Previous studies of VAMP8�/� pancreatic acini showed a
significant reduction in carbachol- or CCK-induced amylase
secretion when calculated as a percent of total cellular amylase
(Fig. 1C) (8, 9). Because total cellular amylase is elevated nearly
4-fold in VAMP8�/� acini, we normalized secreted amylase
activity to total cellular DNA revealing that VAMP8�/� acini in
fact show equal amounts of secretion although they have a
reduced sensitivity to CCK-8 with maximal effects seen at 30
pM CCK-8 versus 10 pM in WT (Fig. 1D). Interestingly,
VAMP8�/� acini also show limited high dose secretory inhibi-
tion (	20% reduction from maximal stimulation compared
with �50% reduction in WT acini). Subtraction of constitutive
from total secretion demonstrated VAMP8�/� acini indeed
have an �45% reduction in maximally stimulated secretion but
compensate by increased constitutive secretion (compare Fig.
1, D and E). Cytosolic lactate dehydrogenase release to the
medium after 3 h of incubation of cells was extremely low (�1%
of total cellular lactate dehydrogenase activity) confirming that
the enhanced constitutive amylase secretion was not due to
leakage from damaged cells (Table 1).

Elevated Constitutive Secretion in VAMP8�/� Acini Is Inhib-
ited by cAMP—To eliminate the potential effects of VAMP8�/�

on CCK receptor activation, cells were stimulated with thapsi-
gargin (TG) to raise intracellular Ca2�, phorbol ester (TPA) to
mimic diacylglycerol, or CPT-cAMP (Fig. 2A). As seen in WT
acini, TG, TPA, or their combination significantly increased
secretion in VAMP8�/� acini with neither group showing an
increase to CPT-cAMP alone. However, when added together
with TG plus TPA (to mimic the effect of CCK-8), CPT-cAMP
strongly potentiated secretion. Unexpectedly, analysis of stim-
ulated secretion (constitutive subtracted from total) indicated

FIGURE 1. VAMP8�/� acini secrete equivalent amounts of digestive enzymes as WT by enhancing constitutive secretion. A, differential interference
contrast (DIC) image of acini demonstrating a large accumulation of ZGs in VAMP8�/� versus WT cells. Nuclei are labeled in blue. B, amylase and trypsinogen
enzyme activity, lipase immunoreactivity, and total cellular protein in WT versus VAMP8�/� acini normalized to total cellular DNA. WT levels are indicated by a
dashed line. C, amylase secretion (30 min) from WT and VAMP8�/� acini stimulated with a range of CCK-8 concentrations and calculated as a percent of total
cellular amylase. D, amylase activity secreted and normalized to cellular DNA. E, stimulated amylase release calculated by subtracting basal (WT � 1.4 
 0.3%;
VAMP8�/� � 2.6 
 0.4%) from stimulated values. All data are the mean 
 S.E. from at least three independent experiments, each performed in duplicate. *, p 	
0.05.
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CPT-cAMP significantly inhibited constitutive secretion in
VAMP8�/� acini (Fig. 2B) with equivalent decreases also evi-
dent (brackets in VAMP8�/� acini) after the addition of TG
plus TPA or maximal secretory concentrations of CCK-8.
These data indicate that the high levels of constitutive secretion
in VAMP8�/� acini are inhibited by cAMP; however, the ability
of cAMP to potentiate secretion in response to Ca2�/diacyl-
glycerol remains intact.

Enhanced Ca2� Sensitivity of Exocytosis in VAMP8�/�

Acini—Although TPA-stimulated secretion was not altered in
VAMP8�/� acini, a 35% increase in Ca2�-stimulated secretion
was detected. Secretagogue-stimulated Ca2�-elevation was
previously shown to be unaltered in VAMP8�/� acini (10). To
further investigate the enhanced response to elevated Ca2�, we
permeabilized acinar cells with �-toxin to create small plasma

membrane pores of �1 kDa molecular mass cut-off, thereby
limiting the loss of cytoplasmic proteins. Clamping the Ca2�

concentration at various levels confirmed previous studies
showing a biphasic secretory response with maximal secretion
occurring at 10 �M Ca2� and partial inhibition at higher con-
centrations (Fig. 2C) (42). VAMP8�/� acini demonstrated a
10-fold increased sensitivity with maximal secretion at 1 �M

Ca2� and, like WT, became inhibited at higher concentrations.
We previously identified a potential role for the Ca2�-sensing
regulatory protein syt1 in VAMP2-mediated exocytosis (43).
Analysis of VAMP2 in whole cell lysates revealed a 4-fold
increase in VAMP8�/� acini consistent with the increased
numbers of ZGs (Fig. 2D, also see Fig. 5). syt1 immunoreactivity
is too low to detect in whole cell lysates. Alternatively, analysis
of VAMP2 and syt1 in purified ZG fractions indicated equiva-

FIGURE 2. Differential effects of cellular messengers on secretion in WT and VAMP8�/� acini. A, amylase activity released from WT or VAMP8�/� acini
treated with 2 �M TG, 1 �M TPA, 100 �M CPT-cAMP, or maximal (Max) CCK-8 (30 min) and normalized to cellular DNA. B, constitutive secretion (WT � 2.0 
 0.3%;
VAMP8�/� � 4.5 
 0.9%) was subtracted from stimulated values in A. C, �-toxin permeabilized acini were stimulated with the indicated concentrations of Ca2�

for 30 min. Constitutive secretion (WT � 3.1 
 1.1, VAMP8�/� � 8.1 
 2.1) is subtracted and normalized to cellular DNA. All data are the mean 
 S.E. from at
least three independent experiments, each performed in duplicate. *, p 	 0.05. D, immunoblotting of VAMP2 and syt1 in a whole cell lysate and purified ZG
fractions from WT and VAMP8�/� acini (also see Fig. 5). E, widefield microscopy of 8-�m cryostat-sectioned pancreatic lobules from WT mice show punctate,
compact apical colocalization of VAMP2 and syt1. VAMP8�/� acini show expanded punctate staining with moderately decreased colocalization. VAMP2 and
syt1 immunoreactivities were detected using Alexa-Fluor 488-conjugated anti-mouse (1:100) and Alexa-Fluor 546-conjugated anti-rabbit (1:100), respectively.
Actin localization was detected using phalloidin conjugated to Alexa-Fluor 694 (10 units/200 �l). Nuclei are stained with DAPI. Scale bars, 3.3 �m. Each image
is a projection of reconstructed z-series images (�26 optical sections of 0.3 �m) and representative of multiple determinations from at least 3 separate tissue
preparations. DIC, differential interference contrast.
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lent levels in WT and VAMP8�/�, supporting that although the
number of ZGs is greatly increased in VAMP8�/�, the relative
expression of VAMP2 and syt1 on these organelles remains
constant. Immunofluorescence analysis confirmed the colocal-
ization of VAMP2 and syt1 in WT and VAMP8�/� acini (Fig.
2E). These results support that the enhanced Ca2� -sensitivity
for secretion in VAMP�/� acini is a consequence of the large
increase in VAMP2/syt1-positive ZGs.

VAMP2 ZGs Mediate an Early Rapid Phase and VAMP8 ZGs
a Second Prolonged Phase of Secretion—We previously showed
that VAMP2-positive ZGs are concentrated in the most apical
aspects of the cytoplasm within cortical actin filaments and
along the apical plasma membrane under basal conditions,
whereas VAMP8 ZGs are recruited more slowly to the apical
membrane after cell stimulation (6). Using a perifusion system
to monitor secretion from a single group of cells over time dem-
onstrates secretion initially peaks at 1 min and decreases over
2–3 min followed by a second prolonged phase that peaks and
declines to near the initial constitutive levels over 20 min (Fig.
3A) (38, 39). In VAMP8�/� acini the initial rapid phase is
slightly delayed by 1 min then quickly decays to constitutive
levels by 3–5 min (see the dotted line) followed by a further
decrease that approaches the constitutive levels seen in WT
acini. Normalizing secretion to total cellular DNA (Fig. 3B)
confirms VAMP8�/� has a higher constitutive secretion that
produces almost equivalent amylase release over the full 20 min
of stimulation (summated secretion is indicated at the end of
each plot). Summation of amylase release from 5 to 20 min
when secretion in VAMP8�/� falls below the initial constitu-
tive levels indicates an �45% decrease in VAMP8�/� versus
WT acini over that period, in close agreement with the reduced
secretory response seen for cAMP, TPA plus TG, or CCK-8 in
VAMP8�/� acini (see the brackets in Fig. 2B). These results
were consistent in multiple independent experiments (Fig. 3C).

VAMP2 and VAMP8 Are the Primary vSNAREs for Stimu-
lated Secretion—VAMPs 2, 3, and 8 have been identified in
pancreatic acinar cells with VAMP3 residing mainly in the
Golgi and VAMP2 and VAMP8 present in both purified ZGs
and the remaining microsomal fraction after ZG removal. The
A-chain of TeTx specifically cleaves VAMP2 and -3 but not
TeTx-insensitive (Ti)-VAMP7 or -VAMP8 (44, 45). The acute
effects of VAMP2 cleavage in intact acinar cells were examined
by short term (4 h) adenoviral expression of TeTx A-chain,
which rapidly degrades �90% of VAMP2 (Fig. 4A). Acinar cells
cultured for 4 h maintain a robust stimulated secretory
response (see Fig. 6); however, maximal secretion was observed
at 30 pM CCK-8 versus 10 pM in fresh acini. In agreement with
previous studies conducted in permeabilized acini (4), VAMP2
cleavage in WT acini resulted in a 45% reduction in CCK-8
stimulated amylase (Fig. 4D) secretion compared with GFP
expressing control acini but had no effect on constitutive secre-
tion (Fig. 4C). In contrast, cleavage of VAMP2 in VAMP8�/�

acini fully inhibited CCK-8-stimulated secretion. These data
indicate that VAMP2 and -8 are the primary vSNAREs control-
ling secretagogue-stimulated ZG exocytosis and further iden-
tify an additional TeTx-resistant vSNARE that mediates con-
stitutive secretion.

Loss of VAMP8 Alters Endosomal-regulatory Protein Expres-
sion and Subcellular Distribution—Analysis of protein expres-
sion normalized to cellular DNA confirmed that the ZG mem-
brane and content proteins, VAMP2 and pancreatic lipase,
respectively, were increased by 4-fold in VAMP8�/� acini (Fig.

FIGURE 3. VAMP2 mediates an early rapid- and VAMP8 a prolonged slow
phase of acinar secretion. Acini were embedded in Bio-Gel P-2 resin and
perifused at 1 ml/min with maximal CCK-8 (WT � 10 pM, VAMP8�/� � 30 pM),
and amylase released was analyzed each min for 20 min. A, a single represen-
tative experiment calculated as percent of total cellular amylase. Total sum-
mated secretion over the 20 min was 17.8 and 6.6% of total cellular amylase
for WT and VAMP8�/�, respectfully. B, the same experiment as in panel A
normalized to cellular DNA (initial constitutive levels are indicated with
dashed lines). Total summated secretion over 20 min was 7.4 and 7.6 units/�g
of DNA for WT and VAMP8�/�, respectfully. C, combined data (mean 
 S.E.)
from three independent experiments.
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FIGURE 4. VAMP2 and VAMP8 are the primary vSNAREs required for stimulated acinar secretion. A, WT or VAMP8�/� acini were cultured for 4 h with
adenovirus (4 � 106 pfu/ml) expressing GFP control or TeTx light chain. D52 and VAMP2 levels were analyzed by immunoblot. B, CCK-8-stimulated (30 pM) total
amylase secretion from GFP or TeTx expressing acini (30 min). C, constitutive secretion replotted from panel B. D, stimulated secretion was calculated by
subtracting constitutive from total secretion in panel B. Data are the mean 
 S.E. from at least three independent experiments, each performed in duplicate. *,
p 	 0.05 compared with GFP control.

FIGURE 5. Endosomal regulatory protein expression is greatly disrupted in VAMP8�/� acini. A, equal amounts of DNA from WT or VAMP8�/� acini were
loaded on SDS-PAGE gels, and the indicated proteins were analyzed by immunoblotting. Quantified expression is expressed as -fold WT (dashed line). B,
immunoblot of D52 in homogenates from parotid gland and large intestine. C, subcellular fractionation of WT and VAMP8�/� pancreas was performed to
obtain post nuclear supernatant (PNS), zymogen granule (ZG), cytosol (Cyt), and microsome (Micro) fractions. Equal amounts of protein from each fraction were
immunoblotted with indicated antibodies. Quantified expression is indicated as -fold WT (dashed line). Data are the mean 
 S.E. from at least three indepen-
dent experiments except for VAMP4, which is the mean 
 S.D. from two independent experiments. The asterisk indicates proteins that are not quantified in the
ZG fractions due to their absence in Wt cells.
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5A) (8). Interestingly, the RE protein Rab11a, which regulates
apical endosomal trafficking in polarized epithelia, was elevated
3-fold (21, 46). Likewise, TI-VAMP7, which is thought to be the
primary vSNARE for constitutive secretion in epithelia and
neurons, was also elevated 2-fold in VAMP8�/� acini (47– 49).
The ZG and plasma membrane t-SNARE, syntaxin 3, was also
slightly elevated. In contrast to ZG and RE proteins, the EE
proteins EEA1, Rab5, and D52 were all reduced by �80% in
VAMP8�/� acini compared with WT controls. Reduced levels
of D52 were likewise observed in the parotid gland where
VAMP8�/� acini show impaired secretion (Fig. 5B) (9). D52
levels were only slightly reduced in the large intestine where
both VAMP8 and D52 are highly expressed in goblet cells,
which represent a minor portion of the gland (32, 50).

Tissue fractionation and immunoblotting (normalized to
total protein in each fraction) confirmed VAMP2 is present on
ZGs and microsomes in WT pancreas and, although enriched
in post nuclear supernatant, was unchanged in ZGs from
VAMP8�/�, indicating the level of VAMP2 per ZG remained
constant (Fig. 5C). VAMP2 was absent in microsomes from
VAMP8�/� pancreas potentially reflecting its large accumula-
tion of ZGs. Rab11a, which is normally present in trace
amounts on ZGs, was enhanced 7-fold in ZG fractions of
VAMP8�/� pancreas, although this unusually large increase is
likely reflected by the small denominator in the calculation.
Similarly, the endosomal proteins TI-VAMP7 and LAMP1,
which are normally absent from ZGs, were markedly enriched
in ZGs from VAMP8�/� pancreas. Because of their absence
from ZGs in WT acini, TI-VAMP7 and LAMP1 expression
could not be expressed as a -fold change from WT in the
accompanying graph. VAMP4, which is also TeTx-insensitive
(51), was increased 3-fold in ZG fractions of VAMP8�/� acini
but unchanged in post nuclear supernatant or microsomal frac-
tions. Conversely, TI-VAMP7 was increased by 4-fold and
Rab11a by 2-fold in microsomal fractions depleted of ZGs. Syn-
taxin 3, which is normally found on ZGs and microsomes, was
also enriched in microsomal fractions from VAMP8�/� pan-
creas. D52, which is present in cytosol and microsomes, was
greatly reduced in all VAMP8�/� fractions. The cytosolic pro-
tein, CRHSP24, was unchanged in WT and VAMP8�/�

pancreas.
Immunofluorescence microscopy of VAMP2 and TI-VAMP7

indicated both molecules greatly expanded throughout the
cytoplasm in VAMP8�/� acini (Fig. 6A). Close examination of
apical cytoplasm indicated only minimal VAMP2/TI-VAMP7
colocalization present exclusively at the apical membrane in
WT acini. In VAMP8�/� cells colocalization of TI-VAMP7
with VAMP2 or syt1 (not shown) was clearly evident on ZGs
(Fig. 6B, arrowheads); however, both signals remained largely
separate potentially, reflecting either separate ZG populations
or, given the 4-fold increase in TI-VAMP7 in microsomal frac-
tions (see Fig. 5C), post-Golgi/endosomal compartments. Con-
sistent with previous studies (22, 52), Rab11a accumulates in
the most apical regions of cytoplasm immediately beneath the
actin filaments and plasma membrane (Fig. 6C, arrows). Addi-
tionally, some minor Rab11a immunoreactivity was present in
supranuclear regions typically enriched in Golgi and post-Golgi
derived endosomes (Fig. 6C, arrowheads). Unexpectedly,

Rab11a showed only modest colocalization with Ti-VAMP7
even though both molecules were greatly expanded throughout
the cytoplasm in VAMP8�/� acini (not shown). As we previ-
ously reported (22), minor colocalization of Rab11a and
VAMP2 was seen in WT and VAMP8�/� acini confined mainly

FIGURE 6. VAMP2, Ti-VAMP7, and Rab11a show distinct localization pat-
terns in WT versus VAMP8�/� acini. Confocal (A and C) and widefield (B)
microscopy of cryostat-sectioned pancreatic lobules from WT and VAMP8�/�

mice. A, VAMP2 and VAMP7 immunoreactivities were detected with Alexa-
Fluor 488-conjugated anti-chicken and Alexa-Fluor 546 conjugated anti-
goat, respectively. B, VAMP2 and Ti-VAMP7 immunoreactivities were
detected with Alexa-Fluor 546-conjugated anti-mouse and Alexa-Fluor 488-
conjugated anti-goat, respectively. Arrowheads indicate punctate areas of
colocalization. C, VAMP2 and Rab11a immunoreactivities were detected with
Alexa-Fluor 488-conjugated anti-chicken and Alexa-Fluor 546-conjugated
anti-rabbit, respectively. Arrows indicate the areas of colocalization of Rab11a
with actin in the apical region. Arrowheads indicate punctate Rab11a labeling
in perinuclear regions. Concentrations of all secondary antibodies were 1:100.
Actin localization was detected using phalloidin conjugated to Alexa-Fluor
694 (10 units/200 �l). Nuclei are stained with DAPI. Confocal image scale bars
are 5 �m. Widefield image scale bars are indicated. Each image is a projection
of reconstructed z-series images (�26 optical sections of 0.3 �m) and repre-
sentative of multiple determinations from at least 3 separate tissue
preparations.
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within the actin web and along the plasma membrane (Fig. 6C).
Collectively, the limited colocalization of VAMP2-positive ZGs
with Ti-VAMP7 and Rab11a likely underscores the dynamic
nature of endosomal trafficking and its relationship to secretory
granule maturation.

Rab11a Regulates Constitutive and Stimulated Secretion
Independent of VAMP2—Because loss of VAMP8 increases
ZG-associated Rab11a, we investigated how altering Rab11a
activity would impact secretion. We have consistently seen in
both rat and mouse acini that adenoviral expression of domi-
nant negative (but not WT or constitutively active (not shown))
GDP-trapped Rab11a-S25N in either WT or VAMP8�/� acini
results in a complete loss of endogenous Rab11a expression in
6 h (Fig. 7A). Moreover, 6-h cultured acini retain a robust secre-
tory response when compared with freshly isolated cells (Fig.
7B). In WT acini, Rab11a-S25N significantly reduced both con-
stitutive (Fig. 7C) and stimulated (Fig. 7D) secretion by �40%.
In VAMP8�/� acini, Rab11a-S25N reduced constitutive
secretion by 50% but unlike WT had no effect on stimulated
secretion. As shown in Fig. 4, TeTx cleavage of VAMP2 in
VAMP8�/� acini had no effect on constitutive secretion and
resulted in a complete loss of stimulated secretion. Collectively,
these findings support that Rab11a acts on a VAMP8-contain-

ing secretory compartment to regulate stimulated secretion,
whereas constitutive secretion is mediated by a TeTx-insensi-
tive VAMP, presumably VAMP8 and/or TI-VAMP7.

The Endosomal System Is Essential for VAMP8-mediated
Stimulated Secretion—We recently demonstrated that cultur-
ing rat acini for 16 h results in a loss of the EE protein Rab5 and
its interacting proteins EEA1 and D52 together with a 50%
decrease in stimulated secretion (22). Despite the reduced
secretory response, the SNAREs (VAMPs 2 and 8 and syntaxins
2, 3, and 4) that regulate ZG exocytosis were unaltered. More-
over, adenoviral rescue of D52 coinduced Rab5 and EEA1
expression and restored the majority of the secretory pheno-
type, demonstrating an important role for the endosomal sys-
tem in controlling acinar secretion. As seen in rat (22), a 14 h
culture of WT mouse acini resulted in a 50% reduction in CCK-
8-stimulated secretion and a �90% decrease in D52, Rab5, and
EEA1 levels; however, VAMP2, TI-VAMP7, and Rab11a
remained unchanged (Fig. 8, A and B). Interestingly, without
culturing, freshly prepared VAMP8�/� acini, which normally
contain low levels of these EE proteins, show an �50% reduc-
tion in maximally stimulated secretion compared with WT (see
Fig. 2B). Remarkably, VAMP8�/� acini show no decline in con-
stitutive or stimulated secretion when cultured for 14 h, coin-

FIGURE 7. Rab11a regulates VAMP8- but not VAMP2-mediated stimulated secretion. VAMP8�/� acini were cultured for 6 h with GFP, TeTx, or EGFP-Rab11a
(all at 1 � 106 pfu/ml) adenovirus. A, Rab11a and VAMP2 expression were analyzed by immunoblot. B, acini were left untreated or stimulated with 30 pM CCK-8
for 30 min. Stimulated secretion (panel D) was calculated by subtracting constitutive secretion (panel C) from total secretion. Data are the mean 
 S.E. from at
least three independent experiments each performed in duplicate. *, p 	 0.05 compared with GFP control. Note acini cultured for 6 h show no reduction in
secretion. ZG VAMP expression is indicated.
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cident with their low levels of endogenous endosomal proteins
Rab5/EEA1/D52 (Fig. 8B). We, therefore, investigated the con-
sequence of expressing D52 in WT versus VAMP8�/� acini.
Identical to rat (22), D52 expression in mouse WT acini coin-
duced Rab5 and EEA1 expression and significantly enhanced
both constitutive and stimulated secretion (Fig. 8, C and D).
However, when expressed in VAMP8�/� acini, D52 failed to
coinduce Rab5 and EEA1 yet markedly elevated constitutive
secretion to stimulated levels preventing any further stimulated
response. We next expressed TeTx to examine if loss of the EE
regulatory proteins in WT acini after 14 h of culture would
impact secretion from the VAMP2 secretory pathway. Strik-
ingly, cleavage of VAMP2 fully inhibited stimulated secretion in
cultured WT acini, indicating the VAMP8-mediated secretory
pathway is lost together with the EE compartment. Moreover,
when D52 expression was restored (together with coinduction
of Rab5 and EEA1), TeTx cleavage of VAMP2 only partially
inhibited stimulated secretion, indicating the VAMP8-medi-
ated pathway was restored to 36% that of the total stimulated

response; this level of restoration is highly significant as it rep-
resents 80% of VAMP8-mediated secretion in freshly prepared
acini (see Figs. 3D and 6D).

Highly Expressed D52 Partially Localizes to ZGs—As we pre-
viously reported, D52 partially colocalizes with Rab11a in acini;
however, unlike the trace amounts Rab11a present in purified
ZGs, D52 is absent in these fractions (53). When more highly
expressed in cultured pancreatic lobules, HA-tagged D52
extensively colocalizes with Rab11a (Fig. 9A). A similar pattern
was detected for D52 and VAMP8 with the endogenous pro-
teins discretely colocalizing in apical puncta, whereas with high
expression of HA-D52, they show extensive colocalization (Fig.
9B). We recently reported that endogenous D52 and VAMP2
demonstrate little or no colocalization (22). In contrast to the
pronounced D52/VAMP8 colocalization seen with HA-D52
expression, HA-D52 and VAMP2 showed much more limited
colocalization. Fractionation of freshly prepared acini con-
firmed that D52 is absent in ZG fractions (Fig. 9C). Conversely,
when expressed at high levels, significant HA-D52 immunore-

FIGURE 8. Activation of the constitutive-like secretory pathway via D52/Rab5/EEA1 expression is required for VAMP8-mediated stimulated secretion.
A and B, WT or VAMP8�/� acini were cultured for 14 h, and expression of the indicated ZG and endosomal proteins was analyzed by immunoblot. Note the loss
of D52, Rab5, and EEA1 in WT cultured cells and their absence in freshly prepared VAMP8�/� acini. Acini were either untreated or stimulated with maximal
secretory concentrations of CCK-8 (fresh: WT � 10 pM, VAMP8�/� � 30 pM; cultured: WT and VAMP8�/� � 100 pM) for 30 min, and amylase secretion was
determined. Note that VAMP8�/� shows no loss of secretory activity after culture. C, acini were cultured for 14 h with GFP (1 � 106), D52 (1 � 106), TeTx (1 �
106), or a combination (2 � 106 pfu/ml total), and the indicated ZG and endosomal proteins were analyzed by immunoblot. Note that D52 expression coinduces
Rab5 and EEA1 in WT but not VAMP8�/� acini. D, WT or VAMP8�/� acini were cultured for 16 h with an adenovirus (4 � 106.5 pfu/ml) expressing GFP control
or D52 Wt. Acini were left untreated or stimulated with 100 pM CCK-8 for 30 min, and amylase secretion was measured. Note 1) that D52/Rab5/EEA1 expression
restored TeTx-insensitive stimulated secretion in WT (i.e. the VAMP8 pathway), and 2) D52 expression in VAMP8�/� failed to coinduce Rab5 and EEA1 and
markedly increased constitutive secretion. Data are the mean 
 S.E. from at least three independent experiments, each performed in duplicate. *, p 	 0.05
compared with GFP control.
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activity was detected in ZG fractions, suggesting a direct com-
munication between endosomal and ZG compartments. Taken
together these findings support that endosomal trafficking
plays a pivotal role in VAMP8-mediated ZG maturation and
regulated exocytosis.

DISCUSSION

The current study demonstrates that VAMP8�/� in pancre-
atic acinar cells results in the enhanced expression and partial
redistribution of TI-VAMP7, VAMP4, and Rab11a to ZGs and
a compensatory increase in constitutive secretion. Expression
of TeTx revealed that VAMP2 does not play a role in constitu-
tive secretion, which is controlled by a TeTx-insensitive VAMP
isoform of which VAMP4, -7, and -8 are candidates (51). In
contrast, expression of the EE proteins Rab5, EEA1, and D52,
which were recently shown to regulate endolysosome-like
secretion via the CLP and MRP (22), were greatly reduced in
VAMP8�/� acini. Characterization of the secretory response
revealed that similar to nerve and endocrine cells, VAMP2-
mediated exocytosis supports an early rapid phase of secretion,
whereas the ubiquitously expressed VAMP8 is required for a
second slower prolonged phase.

Unexpectedly the elevated constitutive secretion in VAMP8�/�

acini was inhibited by elevation of cAMP with equivalent

decreases also seen for thapsigargin plus TPA or maximal
stimulatory levels of CCK-8. Furthermore, the pronounced
decrease in constitutive secretion seen after CCK-8 stimulation
in VAMP8�/� acini was identical to the inhibition seen with
CPT-cAMP alone (compare Figs. 2 and 3). The mechanism(s)
of cAMP signaling in pancreatic acinar secretion is still emerg-
ing. Evidence supports roles for both PKA and EPAC/Rap1
activation in stimulated secretion, the latter of which is also
activated by CCK-8, Ca2�, and diacylglycerol (54 –56).

TeTx efficiently cleaves VAMP-1, -2 (synaptobrevins), and
-3 (cellubrevin). Proteomic analysis of purified ZG membrane
proteins showed only the presence of VAMP2 and VAMP8 but
not VAMP1 or -3 (52). Furthermore, introduction of a soluble
VAMP1 inhibitory construct into permeabilized acini failed to
alter constitutive or stimulated secretion (6). A detailed study of
VAMP3 immunoreactivity in acinar cells reported it is mainly
present in Golgi and condensing vacuoles and is cleaved by the
addition of TeTx to acinar lysates (57). It is, therefore, likely that
VAMP3 was also acutely cleaved by TeTx in our studies (45).
Results that constitutive secretion in both WT and VAMP8�/�

acini is fully resistant to TeTx clearly support that it is not
mediated by VAMP2 or -3. The extent of inhibition of stimu-
lated secretion by short term TeTx expression is closely in line

FIGURE 9. Activation of the constitutive-like secretory pathway via D52/Rab5/EEA1 expression reveals strong colocalization of D52 with Rab11a and
VAMP8. Confocal (freshly prepared in A and B) or Brightfield (18 h culture expressing HA-D52 in A and B) microscopy of cryostat-sectioned lobules is shown.
HA-D52 adenovirus was used at 106.5 pfu/ml. A, D52 and Rab11a immunoreactivities were detected using Alexa-Fluor 546 conjugated anti-rabbit and
Alexa-Fluor 488 conjugated anti-mouse respectively. B, D52 and VAMP8 immunoreactivities were detected in freshly prepared mouse lobules using Alexa-
Fluor 546 conjugated anti-rabbit and Alexa-Fluor 488 conjugated anti-mouse. Insets d and e show magnified areas in the apical cytoplasm with distinct areas
of punctate colocalization. For 18-h cultured rat lobules, HA-D52 (HA tag) and VAMP8 immunoreactivites were detected using Alexa-Fluor 546-conjugated
anti-mouse and Alexa-Fluor 488-conjugated anti-rabbit. D52 and VAMP2 immunoreactivities were detected using Alexa-Fluor 546 conjugated anti-rabbit and
Alexa-Fluor 488-conjugated anti-mouse. Pseudo colors were added post collection. Concentrations of all secondary antibodies were 1:100. Nuclei were stained
with DAPI. Confocal image scale bars are 5 �m. Widefield image scale bars are as indicated. Each image is a projection from a reconstructed z-series images (�26
optical sections of 0.3 �m) and are representative of multiple determinations from at least 3 separate tissue preparations. C, ZGs were isolated from post
nuclear supernatants (PNS) of fresh or 18 h cultured acini expressing HA-D52 and immunoblotted for indicated antibodies. Note the presence of highly
expressed HA-D52 on ZGs.
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with previous studies utilizing soluble VAMP2 inhibitory con-
structs (6) or neutralizing antibodies (7) and taken together
with the lack of evidence for VAMP3 on ZGs strongly supports
the secretory effects of TeTx in these studies were the result of
VAMP2 cleavage.

Rab11a is normally found on a small subset of ZGs that local-
ize to the very apical regions of cytoplasm but only minimally
colocalize with VAMP2 (22, 52). Accordingly, minimal colocal-
ization of Rab11a with VAMP2 was seen in VAMP8�/� acini
despite its greatly expanded immunoreactivity. Although the
trace levels of Rab11a normally detected on purified ZGs were
increased 7-fold in VAMP8�/� cells, there was a 2-fold increase
in microsomal fractions where Rab11a is most abundant in WT
cells. Thus, the expanded immunoreactivity presumably repre-
sents an expansion of the RE compartment. Rab11a controls
anterograde trafficking out of the EE and is the major regulator
of RE generation, which in epithelial cells is essential to estab-
lish and maintain polarity (58). The large contraction of the
Rab5/EEA1/D52 pathway in VAMP8�/� acini suggests either
the small EE compartment was capable of supporting forma-
tion of the RE or that endocytic plasma membrane recycling
was redirected directly to the RE or through the Golgi. Expres-
sion of GDP-trapped Rab11a-S25N inhibited constitutive
secretion by 40 –50% in both WT and VAMP8�/� acini but
only inhibited stimulated secretion in the presence of VAMP8,
indicating the redistribution of TI-VAMP7 and VAMP4 to ZGs
in VAMP8�/� acini did not compensate for Rab11a-mediated
stimulated secretion. More importantly, these results demon-
strate that the effects of Rab11a on stimulated secretion are
through the VAMP8 and not the VAMP2 secretory pathway.

Pancreatic acinar cells have an expanded EE compartment
within the apical cytoplasm marked by high levels of Rab5,
EEA1, and D52 (22, 53). The expanded endosomal compart-
ment supports a large burden of plasma membrane retrieval
after ZG exocytosis and also acts to recycle SNARE and acces-
sory regulatory proteins necessary for ZG maturation and exo-
cytosis. Interestingly, loss of VAMP8, which resides in EE and
LE in most cells, results in a �80% decrease in Rab5, EEA1. and
D52. Rab5 is proposed to be a master regulator of endosome
biogenesis in cells as reduction of its expression to a critical
threshold abolishes the entire endosomal system (59). Acini
remain viable in VAMP8�/� mice, suggesting that although
greatly reduced, Rab5 levels were sufficient to support endo-
somal and cellular function. In acini it appears VAMP8 may
play a dual role in exocytosis and endocytic trafficking. During
exocytosis VAMP8 can fuse with SNAP23 and syntaxin 4 pres-
ent on the PM or with SNAP23 and syntaxin 3 present on ZGs
for compound exocytosis (6). VAMP8 is also known to be active
in the homotypic fusion of EEs and LEs as well as LE fusion with
lysosomes (25, 60). A dual role for exocytotic SNAREs in endo-
somal fusion has been described for SNAP25 and VAMP2 in
neuroendocrine and neuronal models (61, 62). Details regard-
ing the endosomal itinerary of acinar SNARE proteins after
their PM retrieval or how that pathway shapes ZG maturation
are lacking.

Intriguingly, culturing WT acini for 14 h down-regulates
Rab5, EEA1, and D52; however, VAMP8 levels on ZGs remain
stable. Rescuing D52 expression coinduces Rab5 and EEA1,

greatly enhances trafficking in the CLP, and restores much of
the VAMP8 secretory response (see Fig. 8) (22). In contrast, in
VAMP8�/� acini, which normally lack these proteins, D52
failed to coinduce Rab5 and EEA1 and greatly enhanced consti-
tutive secretion. When expressed in CHO cells, D52 extensively
colocalizes with TI-VAMP7 (63), which mediates the Ca2�-de-
pendent exocytosis of lysosome-like secretory organelles (64).
Furthermore, high D52 expression in CHO cells causes a
marked increase in constitutive lysosome-like secretion that is
independent of elevated Ca2� or D52 phosphorylation (63).
Thus, it is conceivable that high D52 expression in the absence
of VAMP8-ZGs results in high levels of post-Golgi Ti-VAMP7-
mediated exocytosis as a consequence of the high Ti-VAMP7
expression. D52 was recently shown to interact with Rab5 (23),
consistent with D52 localization to EE (53). Interestingly,
expression of D52 strongly coinduces Rab5 and vice versa (not
shown); however, the mechanism of coinduction and how it
effects endosomal trafficking in the presence or absence of
VAMP8 is unclear and currently under investigation.

We previously showed using LAMP1 external labeling that
that expression of D52 in cultured acini enhanced anterograde
endosomal trafficking via the CLP and caused a large accumu-
lation of D52 in the Rab11a-positive RE compartment (22).
LAMP1 labeling in the current study was precluded by its
marked redistribution from microsomal to ZG fractions in
VAMP8�/� acini. Here we also demonstrate that increasing EE
trafficking in WT acini by high expression of D52 also causes a
significant accumulation of D52 on VAMP8-positive ZGs that
was detected by both ZG purification and immunofluorescence
microscopy. D52 and VAMP8 colocalization is also apparent in
freshly isolated WT acini; however, D52 does not copurify with
ZGs. Conversely, low levels of Rab11a are detected in purified
ZGs, and it too shows limited colocalization with both D52 (22)
and ZGs (52) in freshly prepared WT pancreas (also see Fig. 9).
It should be noted that unlike Rab11a, which is membrane-
anchored by isoprenylation, D52 is a peripheral membrane pro-
tein abundant in cytosolic fractions. The appearance of D52 on
purified ZGs seen when enhancing its expression may reflect a
delay in its release to the cytosol after delivery from the endo-
somal compartment.

Similar to our findings, Azouz et al. (65), using high resolu-
tion live cell imaging, recently reported that Rab5-mediated
trafficking from the EE controls the size and cargo composition
of secretory granules in mast cells by a VAMP8-dependent
fusion mechanism. We propose a similar mechanism where
robust anterograde endosomal trafficking out of the EE via
Rab11a is required for the maturation of VAMP8-positive ZGs.
Results that 1) Rab11a specifically regulates the VAMP8 but not
the VAMP2 pathway and 2) Rab11a is present on a small subset
of ZGs as well as microsomal fractions suggest that it directs
vesicle trafficking from the EE to both the ZG and RE compart-
ments. One possibility is that upon cell stimulation trafficking
within the Rab5/D52 and Rab11a pathways enhances VAMP8
ZG maturation thereby creating what was previously called the
MRP. Thus a critical question that remains is whether the CLP/
MRP have a dual function controlling ZG maturation and
anterograde endosomal trafficking to the plasma membrane. In
any case these results clearly underscore a pivotal role for the
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endosomal system in shaping an optimal secretory response
after ingestion of a meal when acinar cells remain highly active
for a prolonged period.
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