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Abstract

Protein secretion from acinar cells of the pancreas and parotid glands is controlled by G-protein
coupled receptor activation and generation of the cellular messengers Ca2*, diacylglycerol and
cAMP. Secretory granule (SG) exocytosis shares some common characteristics with nerve,
neuroendocrine and endocrine cells which are regulated mainly by elevated cell Ca2*. However, in
addition to diverse signaling pathways, acinar cells have large "1 ! m diameter SGs ("30 fold larger
diameter than synaptic vesicles), respond to stimulation at slower rates (seconds versus
milliseconds), demonstrate significant constitutive secretion, and in isolated acini, undergo
sequential compound SG-SG exocytosis at the apical membrane. Exocytosis proceeds as an initial
rapid phase that peaks and declines over 3 min followed by a prolonged phase that decays to near
basal levels over 20-30 min. Studies indicates the early phase is triggered by Ca2* and involves the
SG proteins VAMP2 (vesicle associated membrane protein2), Ca2*-sensing protein synatotagmin
1 (sytl) and the accessory protein complexin 2. The molecular details for regulation of VAMPS8-
mediated SG exocytosis and the prolonged phase of secretion are still emerging. Here we review
the known regulatory molecules that impact the sequential exocytic process of SG tethering,
docking, priming and fusion in acinar cells.

In spite of considerable advances made in understanding the Ca*-sensing mechanisms that
control secretory granule (SG) or synaptic vesicle (SV) exocytosis in endocrine and nerve
cells, comparatively less is known about this process in acinar cells of pancreatic and
salivary glands. This is due at least in part to the complexity of intracellular signaling
pathways that mediate acinar exocytosis which unlike nerve and many endocrine cells, do
not express voltage-regulated Ca2* channels or undergo exocytosis in response to membrane
depolarization. Neural and endocrine secretion is primarily controlled by elevated
intracellular CaZ*. Acinar secretion is mediated by G-protein coupled receptor activation
inducing inositol trisphosphate (IP3)-mediated Ca?* release, diacylglycerol (DAG)
formation, and elevated cAMP. Moreover, these signaling molecules have diverse roles in
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different acinar cell types. Pancreatic acinar cell exocytosis is dependent mainly on elevated
Ca?* and DAG but is significantly potentiated by cAMP [1, 2]. Conversely, exocytosis in
parotid and submandibular acini is triggered mainly by cAMP and is potentiated by elevated
Ca?* [3, 4]. This review will address what is known regarding CaZ*-sensing pathways in
acinar cells; however due to the interrelationships of these signaling events in shaping the
secretory response it will also briefly address knowledge of how cAMP and DAG participate
in the process.

Following formation at the trans-Golgi, immature secretory granules undergo a poorly
defined process of maturation and the resulting mature SGs (termed zymogen granules in
pancreas) move either by diffusion or on microtubules to the apical cytoplasm where they
undergo exocytosis over the next 24 hours in response to a meal. To reach the apical plasma
membrane, SGs must traverse a terminal web of actin filaments involving myosin motor
proteins and actin rearrangements. The canonical process of regulated exocytosis in
secretory cells is thought to involve sequential mechanisms of SG/SV tethering, docking and
priming at the plasma membrane (docking and priming may represent a single step) (Fig 1).
The final step of SG/SV fusion with the plasma membrane is triggered exclusively in
response to elevated Ca2* in neural and neuroendocrine cells [5, 6]. It is now well accepted
that docking and fusion requires specific heterotrimeric interactions between membrane-
associated SNARE proteins (soluble N-ethylmaleimide-sensitive factor attachment protein
receptors) however each step of the process is impacted by specific accessory proteins, few
of which are directly modulated by changes in cellular Ca2* (reviewed in [52]).

Acinar Cell SNARE proteins

SNAREsS are characterized as belonging to the syntaxin, SNAP 25 (25 kDa synaptosome-
associated protein) and vesicle associated membrane protein (VAMP) families (reviewed
in[7]). The syntaxins and VAMPs have C-terminal transmembrane domains and extended
cytoplasmic regions containing helical SNARE interaction segments. SNAP 25 has two
SNARE interaction domains and is associated with membrane by palmitoylation.
Functionally, SNAREs are classified as either v-SNAREs (VAMPS) or t-SNARES
(syntaxins and SNAP25) according to their vesicle or target membrane localization,
respectively. Biochemically they are classified as Q-SNAREs (syntaxin or SNAP 25) or R-
SNARESs (VAMPs) based on the presence of highly conserved glutamine or arginine
residues within the SNARE motif. When brought in close proximity, trans-SNARE
interactions between a v-SNARE and cognate t-SNARES on opposing membranes promote
the formation a heterotrimeric SNAREpin complex which underlies SG docking and
ultimately provides the driving force for membrane fusion [7-9].

In nerve endings, SNARES constitute approximately 1% of total protein whereas in acinar
cells SNARESs account for approximately < 0.1% of total protein (unpublished results).
Several SNARE proteins have been identified in pancreatic and salivary acinar cells and
shown to play important roles in SG exocytosis (Table 1). Both VAMP2 (also known as
synaptobrevin 2) and VAMP8 (also known as endobrevin) were identified on acinar SGs
and evidence in pancreas supports that there are at least two populations of SGs based on
VAMP?2 or 8 expression levels [8, 10-13]. Three syntaxin isoforms have been implicated in
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acinar secretion; syntaxin 2 on the apical plasma membrane, syntaxin 3 on SGs and apical
membranes and syntaxin 4 on both the apical and basolateral plasma membranes [10, 14,
15]. SNAP23, a ubiquitous isoform of SNAP25, has also been shown on apical and
basolateral membranes as well as SGs [10, 16]. In pancreas the SNAP25 isoform SNAP29
was shown to be associated with SGs and apical membrane although its secretory function is
uncertain [10, 17].

The specific v- and t-SNARE combinations that mediate SG exocytosis in pancreatic and
parotid acinar cells have been studied by GST-pull down assays and
coimmunoprecipitations but for the most part have proved difficult to detect, potentially due
to their low abundance. Cosen-Binker, et al. [18] provided the most comprehensive profile
of complete SNAREpin complexes involving SGs in pancreatic acini by
coimmunoprecipitations with specific anti-syntaxin antibodies and purified membrane
fractions from isolated acinar cells (Table 2). They concluded that SG-apical membrane
exocytosis was mediated by syntaxin 2/SNAP23/VAMP2, whereas SG-SG compound
exocytosis involved syntaxin 3/SNAP23/VAMPS. A third complex of syntaxin 4/SNAP23/
VAMP8 was predicted to mediate aberrant SG fusion with the basolateral membrane during
acute pancreatitis. A similar mechanism was later described for aberrant basolateral
exocytosis in submandibular glands of patients with Sjogren's Syndrome [19]. Other studies
in pancreatic [10] and parotid [20] acini reported syntaxin 4 is present on the apical
membrane and dominant negative constructs omitting its transmembrane domain inhibited
Ca?*-stimulated secretion supporting a physiological role for syntaxin 4 in SG exocytosis.

SG tethering to the plasma membrane

Functionally, tethering is regarded as a long range interaction between a vesicle and target
membrane that is initiated at too great a distance for SNARE complex assembly [6].
Consensus differs on whether tethering involves cytoskeletal interactions. This is especially
complicated in acinar cells which have a highly developed actin web immediately below the
apical plasma membrane (Fig 1). In general, tethering factors act by facilitating coordinated
interactions between Rabs, phosphoinositides and SNARE proteins to ultimately promote
trans-SNARE formation marking the docking/priming steps. A number of potential
tethering proteins are present on acinar SGs including Rab3D [21], Rab27B and the
synaptotagmin-like proteins (see below). The molecular details of tethering complexes for
constitutive membrane fusion in endosomal and secretory pathways are still emerging with
some such as the exocyst, HOPS, and CORVET involving large multimeric protein
complexes [6, 22, 23]. A recent study in parotid acini identified subunits of the multimeric
exocyst tethering complex along the apical membrane and provided the first evidence for a
role of a multimeric tethering complex in SG exocytosis by demonstrating the inhibition of
isoproterenol-induced amylase secretion following introduction of subunit-specific
antibodies into permeabilized acinar cells [24]. Recent evidence also suggests that the
vesicle priming factors of the Munc13/CAPS (Ca2*-activated protein for secretion) protein
family may have a tethering function for regulated secretion [6]. CAPS contains a PH
domain that interacts with plasma membrane phosphatidylinositol 4,5-bisphosphate
(P14,5P5) and a Munc homology domain that interacts with Q- and R-SNARES to promote
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SNAREpin formation. Studies examining potential roles for the CAPs/Munc13 proteins in
acinar secretion are lacking.

Actin filaments and associated regulatory proteins

A potential role for the actin cytoskeleton in directly modulating SG exocytosis was first
indicated by results that introduction of low levels of actin depolymerizing agents into
permeabilized pancreatic acinar cells was capable of triggering constitutive SG exocytosis
whereas high concentrations inhibited agonist-stimulated secretion suggesting actin
filaments prevent high rates of basal secretion but are necessary for a full secretory response
[25]. Valentjian et al. using electron microscopy and the actin filament disrupting agent
cytochalasin D revealed that cytoskeleton disassembly did not inhibit stimulated SG
exocytosis but rather that actin filament contractile forces were essential to expel SG
contents and concluded that the filaments play an important role in membrane retrieval [26].
More recently the small G-proteins RhoA and Racl have also been shown to regulate actin
rearrangements supporting acinar secretion [21, 27, 28].

A number of studies have shown that SGs become coated with actin during acinar
stimulation [29-31] and although most indicate that SG coating occurs post-fusion, the
precise role of this process is uncertain. SG coating was reported to be important for
maintaining SG shape and providing structural support for sequential compound SG-SG
fusion [31]. Others indicate actin coating mainly regulates fusion pore dynamics [32, 33].
Finally a recent study using intravital microscopy of parotid gland in vivo failed to detect
sequential SG-SG compound exocytosis at the apical membrane and provided evidence that
F-actin and nonmuscle myosin Il promote the gradual collapse of SGs into the plasma
membrane thereby facilitating expulsion of SG content into the acinar lumen [34].

Synaptotagmin-like Proteins (SLPs) and Rab27

SLPs are a family of molecules that include Slpl, SLP2-a, 3-a, 4-a, Slp5 and rabphilin
(reviewed in[35]) each containing C-terminal C2A and C2B domains characteristic of
synaptotagins (syt) (see below). The Slps typically are associated with SGs and act as
Rab27A and/or Rab27B effectors in various cell types including acinar cells. Their role in
the secretory pathway appears to be in SG trafficking to promote tethering at the plasma
membrane rather than controlling Ca2*-triggered membrane fusion as is identified for syt.
Unlike syt, SLPs are peripheral membrane proteins that contain a unique N-terminal Rab27
binding domain termed the SLP homology domain (SHD) that is shared by a number of
additional proteins including the Slac (SLP homology lacking C2 domains) proteins and
Noc2, although these later molecules which lack C2 domains share no homology with syt.
Of the Slp proteins, only Slp3-a and rabphilin were shown to undergo Ca?*-dependent
interactions with phospholipids in vitro; the significance of this activity for their function is
uncertain. Slp 1 and 4 are present in pancreas and genetic deletion of Slpl results in an
accumulation of SGs [36-38]. SIp4 was also shown to interact with syntaxin 2 and play a
significant role in isoproterenol-stimulated amylase secretion from parotid acinar cells [38].
Of the Rab27 effectors that do not contain C2 domains, Noc2 is present in parotid and
pancreatic acinar cells and Noc2-/- acini likewise accumulate SGs but appear to have defects
in secretagogue-induced intracellular Ca2* release [39]. Parotid acinar cells also express
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Slac2-c which was shown to interact with Rab27B moreover, inhibition of that interaction
with Rab27B-specific antibodies inhibited isoproterenol-stimulated amylase secretion [37].
Further supporting a role SLPs and Rab27 in secretion, pancreatic, parotid and lacrimal
acinar cells all express Rab27B on SGs and expression of dominant negative and
constitutively active forms of the protein significantly inhibit or enhance secretory activity,
respectively [40-42].

SG Docking

Sec1/Muncl8 proteins

Members of the Sec1/Munc18-like protein family play a critical role in forming and
stabilizing SNARE complexes in cells primarily through dynamic interactions with the Q-
SNARE syntaxin [43]. The most well characterized neural protein Munc18-1 interacts with
syntaxin 1 in part to chaperone it to the plasma membrane. In vitro, Munc18-1 binds
syntaxin 1 in a closed configuration initially preventing trans-SNARE formation but in the
presence of preincubated SNAP25 and VAMP2 switches to a facilitative role promoting
SNAREpin formation. Parotid and pancreatic acinar cells express Munc18-b which interacts
with syntaxin 2 [38, 44]. Moreover, the Munc18-b/syntaxin 2 interaction was shown to
facilitate binding of Slp4-a to syntaxin 2 suggesting these proteins form a SG tethering
complex. Munc18-c interacts with syntaxin 4 on basolateral membranes in pancreatic acini
[45] and apical membranes of parotid acini [46]. Treatment with high-dose CCK or
isoproterenol was shown to displace Munc18-c to the cytosol by its PKC-! -dependent
phosphorylation [18, 47]. The significance of Munc18-c displacement to the cytosol in
controlling SNARE formation/exocytosis is uncertain as the Munc18-c/syntaxin 4
interaction was shown to exclusively promote SNAREpin formation and membrane fusion
but unlike Munc18-1, had no inhibitory effect on SNARE formation [48].

Cab45b as a Ca?*-sensor for Munc18-b-mediated SNARE formation

Cab45 was originally identified as an intra-Golgi localized Ca2*-binding protein that
contains 6 EF-hand motifs [49]. A yeast 2 hybrid screen for Munc18-b interacting proteins
revealed a cytosolic splice variant Cab45b containing 3 EF-hand motifs with a single EF-
hand showing Ca%* binding in vitro. Cab45b interaction with Munc18-b is enhanced in the
presence of CaZ*, and coimmunoprecipitation from acinar lysates demonstrated complexes
containing Cab45b/Munc18-b/syntaxin 2 and syntaxin 3. Strikingly, incubation of
permeabilized acini with affinity purified Cab45b antibodies dose-dependently inhibited
Ca?*-stimulated amylase secretion by greater than 90%. Similar results for Cab45b were
also seen using membrane capacitance studies in pancreatic beta-cells where EF-hand
mutations that interrupt Cab45b/Munc18-b interactions strongly inhibited exocytosis [50].
Further studies employing reconstituted SNAREs in liposome fusion assays will be
necessary fully understand how Cab45b impacts docking, priming and fusion.

SG priming

In regulated exocytosis the process of SG priming involves formation of the SNAREpin
complex prior to Ca2*-triggered exocytosis, however because tethering and docking also
ultimately supports SNARE complex assembly, these processes are closely linked and
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functionally overlapping. Originally, the concept of ATP-dependent SG priming was
described using permeabilized PC12 cells and shown to involve the disassembly of
heterotrimeric cis-SNARE complexes on the plasma membrane by the chaperone NSF (N-
ethylmaleamide sensitive fusion protein) [51, 52]. Presumably SNAREpin disassembly
following exocytosis acts to free SNAREs for subsequent rounds of fusion. Others indicated
the ATP-dependent localized synthesis of P14,5P is essential for the formation of a dimeric
Q-SNARE complex between syntaxin 1 and SNAP 25 on the plasma membrane [53].
Formation of dimeric Q-SNAREs greatly facilitates interaction with VAMP on SGs thereby
promoting full SNAREpin formation [54]. Subsequently additional priming factors for
regulated exocytosis were identified which, although they do not directly utilize ATP, are
essential to facilitate SNAREpin assembly thereby promoting the final stage of fusion.
These include the Munc13 and CAPS family of proteins which share conserved Munc-
homology domains and similar to syt and SLPs contain C2 domains [6]. Of particular
interest, Munc13-4 was recently shown to undergo Ca2*-dependent interactions with
SNARE proteins and phospholipids and to facilitate Ca%*-sensitive SNARE-mediated
liposome fusion in vitro [55]. The ability of the Munc13/CAPS proteins to promote
opposing membrane association and facilitate SNARE interactions suggests they may also
impart a tethering mechanism to support fusion.

Although it appears none of the above mechanisms for SG priming have been investigated
in acinar cells, functional studies conducted with isolated pancreatic acinar cells have
provided evidence that Ca*-dependent SG exocytosis indeed proceeds through docking/
ATP-dependent priming and Ca?*-dependent fusion steps. Analysis of amylase secretion
from a single group of acinar cells over time using a flow-through system revealed that CCK
induces an initial rapid phase of secretion peaking and declining over approximately 2-3
minutes followed by a second extended phase that decays to near basal levels over 20-30
min (Fig 2) [56]. Padfield and Panesar [57] utilized alpha-toxin permeabilized acini, which
produces plasma membrane pores of approximately 1 kDa to limit the loss of cytosolic
proteins while allowing the careful control of intracellular Ca2* and ATP levels, to
demonstrate that the initial rapid phase triggered by Ca2* is independent of Mg-ATP but the
prolonged phase required ATP-dependent priming. They reasoned that the initial rapid phase
represented SGs already primed and poised to undergo exocytosis at the plasma membrane
whereas further rounds of exocytosis required one or more ATP-dependent steps to achieve
that status. Of note, in a later study they showed that the characteristic secretory inhibition
seen in response to supramaximal levels of CCK selectively inhibited the ATP-dependent
priming step thereby allowing only docked and primed SGs to exocytose but inhibiting
subsequent rounds of fusion [58]. Studies in parotid acini, where cAMP exerts a major role
in SG exocytosis, have shown similarly that elevated Ca2* induces the early rapid phase
response whereas CAMP causes a larger sustained secretory response [59].

Thus in both pancreatic and salivary acinar cells elevated Ca2* triggers an early rapid phase
of secretion likely involving SGs that have undergone SNAREpin formation. Although
acinar early phase Ca2*-dependent exocytosis retains some functional characteristics in
common with neural and neuroendocrine cells, the mechanisms by which Ca2*, cAMP and
DAG impact the second prolonged phase of secretion are unclear. A final consideration is
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that acinar cells undergo significant constitutive secretion which involves both endosomal
vesicles [60] and SGs [61]. Similar to constitutive fusion reactions between intracellular
compartments, this process also progress through tethering, docking/priming and fusion. The
possibility that Ca2*, DAG and cAMP signaling differentially modulate components of the
constitutive SG pathway to induce the prolonged phase of secretion has not been explored.

Regulated SG fusion with the apical membrane

Synaptotagmins (Syts) and CaZ*-dependent secretion

Syts are a family of integral membrane proteins composed of 17 known mammalian
isoforms distributed widely in neuronal and nonneuronal tissues (for comprehensive reviews
see ref [62-64]. Family members share a basic structure consisting of a short N-terminal
intravesicular domain followed by a transmembrane domain and a large C-terminal
cytoplasmic segment that contains two tandem C2 domains termed C2A and C2B. These C2
domains provide homology among family members and in a subset of syts function as Ca2*
binding sites that trigger Ca2*-dependent interactions with phospholipids and SNARE
proteins. Due to the absence of key acidic residues within their C2 domains, only 8 isoforms
show Ca2*-dependent phospholipid binding activity — 1, 2, 3, 5, 6, 7, 9 and 10. Syt1, the
most well characterized isoform, is thought to be the primary Ca2* sensing protein for the
final stage (membrane fusion) of exocytosis of SVs in neurons but has also been shown to
regulate vesicle docking and priming [65]. In comparison, dense core vesicles in
neuroendocrine PC12 cells express sytl, 7 and 9 as well as syt4, a unique isoform that acts
to inhibit exocytosis. Although syt1 and 9 play primary roles in Ca2*-stimulated PC12 cell
secretion [66], recent evidence indicates that different sized vesicles express different
proportions of these four isoforms thereby providing functional distinctions in Ca2*-
sensitivity, fusion pore dynamics and inhibition by syt4 [67].

A number of studies have reported syt isoform expression in acinar cells. Syt1, 3, 6 and 7
were demonstrated in isolated pancreatic acinar cells by RT-PCR [68], whereas mouse
parotid acinar cells express mMRNAS to sytl, 2, 3, 4, 6 and 7 [69-71]. Levius et al. [71] first
isolated and sequenced syt1 from rat parotid acini; these results were later confirmed in
mouse and rat parotid, submandibular and pancreatic acinar cells by immunoblotting [70,

72, 73]. A functional role for syt in pancreatic acinar secretion is supported based on results
that introduction of an inhibitory truncation-construct omitting the transmembrane domain
and containing only the C2 domains into permeabilized acinar cells partially inhibited Ca%*-
dependent exocytosis whereas similar constructs of syt 3, which localizes to endo-
lysosomes, had no effects [73]. Sytl immunoreactivity was detected in both SG-rich apical
cytoplasm and purified SG fractions where it significantly colocalized with VAMP2. Finally
cell surface labeling of syt1 in intact acini with an antibody specific to the sytl intraluminal
domain demonstrated localization exclusively along the apical membrane and its presence
was strongly enhanced over the first 5 min of secretagogue stimulation indicating sytl
insertion into the apical membrane. Although these findings support a role for sytl as a
Ca?*-sensor for exocytosis, the incomplete secretory inhibition achieved with syt1 inhibitory
constructs strongly supports additional Ca2*-sensing mechanisms are present. Further
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genetic studies using acinar-specific sytl, 3, 6 and 7 manipulations will be necessary to
better understand their potential roles in secretion.

VAMP2/Sytl/complexin 2 mediates the early phase of acinar secretion

Colocalization studies using lysine-fixable dextran to label sites of SG exocytosis and
VAMP2 or 8 antibodies to identify VAMP-specific SG populations indicate that VAMP2-
positive SGs occupy the most apical aspects of acinar cells and are the first to undergo
exocytosis upon CCK-8 stimulation followed by VAMP8-positive SGs [10] which unlike
VAMP2 also mediates SG-SG compound exocytosis [74]. Falkowski et al. subsequently
reported VAMP?2 interacts with both syt1 and complexin 2 on acinar SGs. In neurons
complexin is an accessory protein for the final stage of Ca2*-stimulated SG fusion acting
both to stabilize SNAREpin complexes in a prefusion state and together with sytl
facilitating membrane fusion following cell stimulation [73, 75]. Further supporting a
concerted role for VAMP2, syt1 and complexin 2 in secretion, inhibition of their function in
permeabilized acini using tetanus toxin to specifically cleave VAMP2 or sytl and complexin
2 inhibitory constructs all showed similar inhibition ("40%) of CaZ*-stimulated secretion
[13, 73, 75]. Together these results suggest that consistent with its role in neural and
endocrine cells, VAMP2-mediated Ca2*-stimulated exocytosis is regulated by syt and
accounts for the early rapid phase of secretion (Fig 2). These results also suggest that the
second prolonged phase of secretion likely involves both VAMP2 and VAMP8-positive SGs
however the regulatory mechanisms controlling VAMP8-mediated stimulated secretion in
acinar cells are not clear.

Rapl coordinates Ca2*, DAG and cAMP signaling for secretion

Rapl is a member of the Ras family of small G-proteins and has been implicated in diverse
cellular functions including growth, metabolism and secretion [76]. Rapl function is
controlled by guanine-exchange factors (Rap1-GEFs) that modulate its activity (Fig 3). Two
Ca?* and DAG sensitive GEFs, CALDAG-GEFI and I11 are reversibly activated in response
to elevation of these cellular messengers. Two additional cAMP-sensitive GEFs which
function independently of PKA are termed EPAC1 and EPAC2 (exchange protein directly
activated by cAMP). Of these, CALDAG-GEFIII and Epacl are expressed in pancreatic
acini [77]. In acini Rap1 was originally identified by proteomic studies of acinar SG
membranes [17]. Sabbatini et al. later demonstrated Rap1l activation in response to both
Ca?*/DAG- and cAMP- generating secretagogues and pharmacological agents [77]. A
functional role for Rapl in regulating digestive enzyme secretion was demonstrated by
expressing a GTPase activating protein (Rap1-GAP) to inhibit Rap1 activity resulting in
60% and 40% inhibition of secretion in response to the cCAMP-generating vasoactive
intestinal peptide and the Ca2*-mobilizing secretagogues CCK and carbachol, respectively.
Rapl was also shown to be expressed and play a secretory role in parotid acini [78].
Although these studies provide important mechanistic evidence for CAMP-mediated effects
on secretion, use of EPAC-specific analogs of cCAMP and PKA inhibitors indicate that PKA
activation also exerts and important regulatory role on acinar secretion [79, 80]. Given the
ability of Rapl to coordinate the effects of diverse cellular signaling messengers,
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investigation of its down-stream effects on SG trafficking and exocytosis should provide key
insight into acinar secretion.

Many studies in acinar cells aimed at understanding SG exocytosis have been based on
exocytic mechanisms that occur in more well characterized nerve and neuroendocrine cells.
These studies have revealed that exocytosis in acinar cells from pancreas and parotid glands
involves specific interactions between cognate SNARE proteins present on SGs and plasma
membrane as well as a number of accessory proteins for tethering, docking, priming and
fusion that are either identical or homologous to those in nerve and neuroendocrine cells .
Ca?*-stimulated acinar secretion triggers an early rapid phase of exocytosis that is mediated
by VAMP2-specific SNARE interactions and is likely controlled by the CaZ*-sensing
protein sytl and accessory protein complexin 2. The second prolonged phase of secretion
likely involves additional regulatory mechanisms that in parotid acini are controlled mainly
by cAMP and involve Rapl and PKA-dependent events. Whether cAMP potentiates the
second prolonged phase of secretion in pancreatic acini where Ca2* plays a major role in
secretion is not yet known.

The diversity of signaling molecules (Ca?*, DAG and cAMP) which shape the acinar
secretory response clearly support that either additional regulatory proteins or yet to be
identified reversible covalent and noncovalent protein modifications are involved in
controlling acinar exocytosis. As these cellular messengers have diverse roles in modulating
kinase and phosphatase enzymes, small-G proteins, cytoskeletal motor proteins etc., more
detailed molecular studies of specific functional interactions between the acinar-specific
secretory proteins are needed. Progress in this area is hampered by the difficulty of
modifying protein expression with RNA silencing technologies or rapid protein expression
in highly differentiated acinar cells immediately following their isolation. The best
alternative is pancreas-specific and inducible gene manipulations using CRE-LOX
recombination in mice which is both time consuming and a considerable expense.
Reductionist approaches utilizing liposome fusion systems containing specific SNARE
proteins and other accessory molecules have advanced much of what is understood of Ca?*-
regulated exocytosis. As more details of the acinar tethering, docking and fusion proteins
emerge, use of that technology to understanding the molecular and biophysical details of
Ca?*, DAG and cAMP mediated membrane fusion should prove useful.
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Figure 1.
Secretory granule exocytosis proceeds through tethering, docking, priming and fusion steps.

Putative acinar SG tethering factors include Rab3D, Rab27B and Slps. Docking and priming
involves SNAREpin formation and in acinar cells is facilitated by Munc18-b and Munc 18-c
interactions with syntaxins. Synaptotagmin 1 and complexin 2 (not shown) trigger VAMP2-
mediated granule fusion in response to elevated Ca2*.
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Figure 2.
Secretion from pancreatic acinar cells is marked by an initial rapid phase which peaks and

declines over 2-3 min followed by a second prolonged phase that decays toward basal levels
over 20 min. Evidence supports that the initial phase involves a post-priming step and is
therefore independent of ATP. The early phase is Ca2*-dependent and regulated by
synaptotagmin 1 (sytl) and complexin 2. Molecular details of regulatory control of
exocytosis in the second phase involving both VAMP2 and VAMPS are unclear.
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Figure 3.
Acinar secretion is mediated by G-protein coupled receptor activation resulting adenylyl

cyclase (AC) mediated cAMP production and/or elevation of Ca2* and DAG levels via
phospholipase C (PLC) activation. The small G-protein Rapl is present on secretory
granules and activated by the guanine exchange factors EPAC1 and CalDAG-GEFIII which
respond to cAMP and Ca2*/DAG, respectively. Rap1 inhibition was shown to significantly
inhibit both cAMP- and Ca2*-stimulated amylase secretion.
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Localization of SNARE proteins in acinar cells. SG, secretory granule; AM, apical membrane; BM,

basolateral membrane.

SNARE Protein | Localization | Ref
VAMP2 SG 10-13
VAMP8 SG 8,10
Syntaxin 2 AM 10, 14
Syntaxin 3 SG, AM 10, 14, 15
Syntaxin 4 BM, AM 10, 14, 20
SNAP 23 BM, AM, SG | 10, 16
SNAP 29 AM, SG 10, 17
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Table 2

SNAREpin complexes involved in acinar secretion. SG, secretory granule; AM, apical membrane; BM,
basolateral membrane.

SNAREpin Complex Fusion Compartments | Ref
VAMP2/syntaxin2/SNAP23 | SG-AM 18
VAMP8/syntaxin3/SNAP23 | SG-SG 18
VAMP8/syntaxind/SNAP23 | SG-BM, SG-AM 18,10
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