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Abstract 

Secretory granules are located at the apex of 
pancreatic acinar cells. Secretagogues bind to 
their receptors at the basolateral membrane of 
acinar cells and trigger the activation of 
intracellular signaling pathways to elicit fusion of 
secretory granules with the apical plasma 
membrane that is followed by exocytosis of 
digestive pro-enzymes (the “zymogens”) into the 
lumen. This regulated discharge of stored 
macromolecules is accompanied by the secretion 
of solutes and water to the cell exterior to hydrate 
these protein-rich secretory products. Previous 
functional and pharmacological studies in 
pancreatic acinar cells and zymogen granules 
(ZG) had suggested that ion channels and 
transporters are expressed in the membrane of 
ZG where they contribute to maturation, fusion, 
exocytosis and/or fluidization of zymogens. This 
chapter reviews studies that have been largely 
published in the postgenomic era and combined 
biochemical, immunological, electrophysiological, 
pharmacological, and/or occasionally knockout 
methodologies to identify cloned transporters and 
ion channels in the membrane of ZG. Available 
experimental evidence indicates the presence of 
several ion channel and transporter proteins in ZG 
membranes (aquaporins, vacuolar-type H+-
ATPase, zinc influx transporter SLC30A2). The 
evidence for the K+ channels Kv7.1 and Kir6.1, for 

ClC Cl- channels and the vesicular nucleotide 
transporter SLC17A9 in ZG is less strong. To 
better understand the function of these proteins in 
the secretory pathway further studies are needed. 
 
1. Introductory Remarks 

A review on the topic of pancreatic zymogen 
granule (ZG) channels and transporters and their 
function is timely as the last exhaustive review 
appeared in 2002 (107) and is manageable 
because of the limited number of publications that 
had been published in the 12 years since then. 
These circumstances have allowed me to carry 
out an in-depth and critical analysis of the 
published data. The advent of the post-genomic 
era had raised hopes that – similar to other areas 
of cell biology – a large number of ZG transport 
proteins would be identified and their role in 
pancreatic secretion would be elucidated. Indeed, 
recent studies have combined functional and 
molecular approaches to characterize ZG 
channels and transporters and their role in 
pancreas physiology. Yet, the fact that only a very 
limited number of studies have been published in 
this area of research is surprising as there have 
been tremendous developments of knowledge 
and methodologies available to investigate the 
molecular and cellular biology and physiology of 
the pancreas (122). 
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Figure 1. The model summarizes current evidence (strong or weak) for the presence of ion channels and 
transporters in zymogen granules (ZG) of pancreatic acinar cells. The Figure also describes relevant ion 
concentrations in mature ZG and emphasizes the decreasing lumen acidity during maturation along the 
compartments of the secretory pathway that participate in ZG maturation (for further details, see text).  
 
Moreover, a better understanding of the 
physiology of pancreatic acinar cell secretion and  

 
the role played by ZG in this process seems to be 
a prerequisite to comprehend the pathogenesis of 

pancreatic disorders, such as pancreatitis, cystic 
fibrosis or cancer (65). 
 
In the following paragraphs, I first review 
significant advances in the characterization of ZG 
channels and transporters in the last decade and 
discuss their putative role in pancreatic acinar 
secretion (Figure 1). The review ends on a 
personal assessment of possible causes for the 
current problems and apparent stagnation of this 
field of research and makes suggestions how to 
overcome these difficulties. 
 
2. Proteomics  

In the past, ion pathways in ZG were either 
characterized in permeabilized acini in which the 
effect of the ionic composition of the “extended 
cytosol” on stimulated secretion was investigated 
and/or by recording macroscopic ion fluxes using 
an osmotic swelling assay (and lysis as an end-

point) in suspensions of isolated ZG (107). Such 
work has provided important 'background' 
functional information for interpreting the post-
genomic work (see below). 
 
A key advance in the last decade has been the 
widespread availability of proteomics that identify 
a large number of expressed proteins 
simultaneously. The use of proteomics for 
analysis of ZG and their membranes has 
propelled the identification of channels and 
transporters of pancreatic ZG although various 
caveats need to be contemplated. Several 
proteomic studies have been published that used 
highly purified ZG membranes (ZGM) to identify 
cloned transporters and channel proteins (9, 18, 
19, 96). In most of these studies, granules were 
disrupted by different techniques and membranes 
were subjected to carbonate and/or bromide 
extraction, which is a standardized and reliable 
procedure to obtain pure membranes without 
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peripheral proteins (14). A critical step in this 
isolation procedure represents the initial 
“purification” of ZG by either differential or 
continuous Percoll gradient centrifugation. These 
methods yield fractions that are enriched 4-8-
times in α-amylase compared to homogenate, 
which is close to the theoretical limit of purity (77). 
Yet, it is practically impossible to avoid 
contaminations by lysosomes (96), plasma 
membranes (110) or membranes from other 
(disrupted) organelles (see electron micrographs 
in references (14, 110, 128)). These contaminants 
are, however, a major draw-back for proteomic 
analyses (as well as for electrophysiological 
studies; see the paragraph on K+ Channels) 
because even minimal contaminations by 
membranes originating from other organelles or 
plasma membranes may be prominent in a 
proteomic analysis of ZGM because of proteins 
that are highly expressed in these contaminating 
membranes. This issue needs to be considered in 
particular for “mitochondrial” proteins such as 
voltage-dependent anion channels (VDACs) and 
subunits of ATP-synthase that have been 
detected in ZGM in two independent studies (9, 
19), or “plasma membrane” proteins, such as the 
α-subunit of Na+/K+-ATPase (96). Hence, these 
observations need to be taken with caution. In 
addition, detection of a particular channel or 
transporter in ZGM may not infer any 
physiological/functional significance of that 
identified protein in mature ZG (see the paragraph 
on Vacuolar-type H+-ATPase). Finally, it should 
be born in mind that several cloned channel 
proteins and transporters that have been 
identified by functional or immunological 
approaches have not been detected by proteomic 
analyses. This may be due to a relative 
insensitivity of proteomic approaches because of 
a very low expression level of these proteins in 
ZGM.  
 
Interestingly, among the putative novel 
transporters and channels identified in ZGM by 
Rindler and coworkers (96) the ligand gated ATP 
receptor P2X4 deserves special attention 
because P2X4 has also been recently identified in 

lysosomes where it operates as a nonselective 
cation channel that is inhibited by luminal acidity 
while increasing the luminal pH in the presence of 
ATP causes cation channel activation (49). These 
functional properties in a P2X4 ATP receptor that 
would be located in ZG (if it is in fact present there 
because lysosomes easily contaminate ZGM) are 
attractive for ZG exocytosis considering the fact 
that maturing ZG lose their acidity (see the 
paragraph on Vacuolar-type H+-ATPase) and that 
the P2X4 cation channel is activated by ATP 
concentrations that have been measured in ZG 
(see paragraph on the Vesicular nucleotide 
transporter SLC17A9). Nonetheless, the detection 
of the P2X4 ATP receptor offers an example of 
the potentially novel information on ZG physiology 
that may be derived from proteomic approaches. 
Hence, P2X4 is a promising candidate for future 
studies on ZG function. 
 
3. Channels  

H2O Channels 
It is a long-standing observation that isolated ZG 
and other secretory granules suspended in 
isotonic KCl buffers remain stable for hours (7, 
26). Considering the packaging and condensation 
of a variety of osmotically active ions, small 
organic molecules and macromolecules in the 
lumen of ZG during maturation and bearing in 
mind that granular Cl- and K+ concentrations are 
lower than in the cytosol (83, 97), ZGs must 
exhibit low basal permeabilities for H2O, K+ and 
Cl- in situ and in vitro. But it has long been known 
that addition of cation or anion ionophores to 
isolated ZG suspended in iso-osmotic KCl buffers 
elicits granular swelling (26). The ionophore is 
thought to generate an electrochemical 
membrane potential that activates endogenous 
conductive pathways for the counterions and 
allows entry of osmotically active KCl into the 
granular lumen (26, 108). H2O follows and 
induces swelling (and lysis) implying that H2O 
permeable pathways, e.g. aquaporins, are 
present in ZGM.  
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The expression and function of aquaporins in 
pancreas has been recently reviewed (29). 
Aquaporin 1 (AQP1) has been identified in rat 
pancreatic ZGM by the full range of 
immunodetection methods, namely 
immunoblotting, immunofluorescence confocal 
microscopy and immunogold labeling (21). 
Furthermore, swelling of ZG suspended in hypo-
osmotic KCl solution was detected by atomic 
force microscopy when 40 µM GTP was added 
and blocked by Hg2+, an inhibitor of AQP1, or by a 
functional AQP1 antibody that was raised against 
the carboxyl-terminal domain of AQP1. These 
changes of ZG swelling were paralleled by 
corresponding effects on fluxes of 3H2O (21). The 
effect of GTP on AQP1 activation is thought to be 
mediated by a complex of several proteins that 
were co-immunoprecipitated with an AQP1 
antibody and included the GTP-binding protein 
subunit Gαi3, the inwardly rectifying K+ channel 
IRK8 (Kir6.1/KCNJ8), the voltage-gated Cl- 
channel ClC-2 and phospholipase A2 (PLA2) (1). 
Exposure of ZGs to either the K+ channel blocker 
glyburide, or the PLA2 inhibitor ONO-RS-082, 
blocked GTP-induced ZG swelling whereas the 
non-specific Cl- channel inhibitor DIDS had no 
effect. 
 
Interestingly, proteomic analyses have identified 
AQP8, but not other AQPs, in rat ZGM (96). 
AQP8 may be a genuine ZG membrane protein, 
however a contamination by mitochondria cannot 
be ruled out, which express AQP8 as well (16, 
61). Swelling assays of secretory granules and 
immunological studies have suggested that AQP5 
and AQP6 mediate osmotic swelling of isolated 
parotid secretory granules suspended in iso-
osmotic KCl solutions (72, 74), but the presence 
of AQP5 in parotid granules has also been 
contested using various immunological 
techniques (75).  
 
An intriguing observation has been made by Ohta 
et al. (86) who found AQP12 expressed in the 
rough endoplasmic reticulum (rER) of rat 
pancreatic acinar cells. In CCK-8 treated rats, 
AQP12 was present in the rER and also on the 

membranes of ZGs near the rER. Furthermore, 
AQP12 knockout mice were more prone to 
caerulein-induced pancreatitis (86). The authors 
suggested that AQP12 may be involved in the 
mechanisms underlying the proper generation, 
maturation and trafficking of ZGs in the secretory 
pathway and that adequate H2O flux may be 
necessary for this process to function adequately. 
Altogether, it seems highly likely that AQPs 
(perhaps AQP1 and AQP8) are expressed in 
pancreatic ZGM. But generally, up to now the 
physiological role of AQPs in the complex process 
of secretory granule maturation, trafficking and 
exocytosis required for secretagogue-induced 
pancreatic acinar enzyme and fluid secretion has 
remained poorly understood. 
 
K+ Channels 
In pancreatic acinar cells, ZG are about 4-8-fold 
lower in K+ compared to the cytosol, as measured 
by X-ray microanalysis (83) or using a potassium-
sensitive fluorescence dye (123). Hence any K+ 
conductive pathway should allow flux of K+ into 
the ZG lumen and increase its osmotic load. 
Based on the work by Hopfer and coworkers (32), 
in 1992 I proposed that (ATP- and glibenclamide-
inhibitable) K+ channels are expressed in ZGM 
where they contribute to osmotic swelling of 
isolated pancreatic ZG (108). This observation 
was soon confirmed by others (33). Subsequent 
studies have suggested that glibenclamide may 
modulate ZG K+ permeability indirectly, possibly 
by binding to a 65-kDa multidrug resistance P-
glycoprotein (ABCB1)-like regulatory protein (11) 
and/or the ZG membrane-associated protein ZG-
16p (12). Additional support for the presence of K+ 
channels in secretory granules came from studies 
with mucin granules from goblet cells and 
suggested a Ca2+/K+ ion-exchange mechanism 
via parallel operation of a Ca2+ channel and a 
Ca2+-activated K+ channel (81). Ca2+/K+ ion-
exchange has been subsequently proposed to 
play a critical role in a premature activation of 
trypsin in ZGs to promote acute pancreatitis (123). 
Jena and coworkers (1, 57) identified an inwardly 
rectifying K+ channel IRK8 (Kir6.1/KCNJ8) in ZGM 
by immunoblotting and measured whole vesicle 
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currents of patched single ZGs with KCl as 
permeating ions that were reduced by ~15% by 
either 40 µM quinidine or 20 µM glibenclamide 
(see also the paragraph on H2O Channels). 
Rather, proteomic analyses of purified rat ZGM 
have detected the K+ channel TWIK-2/KCNK6 
(96), a member of a two-pore-domain K+ channel 
family that produces constitutive inward rectifying 
K+ currents of weak amplitude and that is highly 
expressed in the pancreas (67, 76). However, 
their functional properties and their wide 
distribution suggest that these channels are 
mainly involved in the control of background K+ 
conductances in the plasma membranes of many 
cell types. Hence, it cannot be excluded that 
plasma membranes may have contaminated ZGM 
in the proteomic study reporting TWIK-2/KCNK6 
expression in ZGM (96) (see also paragraph on 
Proteomics).  
 
Kv7.1 (KvLQT1/KCNQ1) is a very low-
conductance, voltage-gated six-membrane-
spanning K+ channel distributed widely in 
epithelial and non-epithelial tissues, including 
pancreatic acinar cells (52). KCNQ1 channels 
associate with all five members of the KCNE β-
subunit family, resulting in a β-subunit-specific 
change of the current characteristics (52). Kv7.1 
K+ channels are blocked by the chromanol 293B 
(66) and the more potent and selective derivative 
HMR1556 (115). Indeed, we showed that 293B 
selectively blocks osmotic swelling of ZG induced 
by activation of the K+ permeability (IC50 ~10 µM) 
(63). Upon incorporation of ZGM into planar 
bilayer membranes, K+ selective channels were 
detected that had linear current-voltage 
relationships. Single channel analysis identified 
several K+ channel groups with distinct channel 
behaviors. K+ channels were inhibited by 100µM 
293B or HMR1556, but not by the maxiKCa channel 
inhibitor, charybdotoxin (5nM). Kv7.1 protein was 
demonstrated by immunoperoxidase labelling of 
rat pancreatic tissue, immunogold labelling of ZG 
and immunoblotting of ZGM. 293B also inhibited 
cholecystokinin (CCK)-induced amylase secretion 
of permeabilized acini (IC50 ~10µM) when applied 
together with the inhibitor of a ZG nonselective 

cation conductance, flufenamate. Thus these data 
suggest that Kv7.1 accounts at least partially for 
ZG K+ conductance and contributes to pancreatic 
hormone-stimulated enzyme and fluid secretion 
(63). 
 
A question of some significance for the discussion 
of ZG K+ conductance is whether the presence of 
several K+ channels with distinct biophysical 
properties in the bilayer experiments (63) argues 
against the purity of the ZGM used for the single 
channel studies with the planar bilayer technique. 
However, single patched ZG also present a 
mixture of channel types (57), which supports our 
model that ZG carry several different cation and 
anion conductive pathways (reviewed in (107)). 
To further exemplify the relevance of this concept, 
the effect of 293B and HMR-1556 on fluid and 
enzyme secretion induced by acetylcholine has 
also been tested in the perfused rat pancreas, but 
the authors were unable to observe any inhibitory 
effect of Kv7.1 channels blockers on secretion 
(60). They therefore concluded that Kv7.1 is not 
essential for secretagogue-mediated secretion of 
pancreatic acini. These results appeared to 
oppose the role of Kv7.1 in enzyme secretion 
from permeabilized rat pancreatic acini described 
by us in the above study (63). However, we 
showed that CCK-stimulated enzyme secretion in 
permeabilized rat pancreatic acini was abolished 
only if flufenamate was applied together with 
293B, which is an indication that several ZG 
cation channels with functional redundancy are 
involved in enzyme secretion (63). Lastly, this 
experiment resolves the controversy with the 
study on perfused rat pancreas (60) where no 
effect of Kv7.1 blockers on secretagogue-induced 
enzyme secretion had been observed.  
 
In a more recent study, we have followed up the 
role of the ZG K+ conductance in CCK-induced 
enzyme secretion and showed that the 
immunosuppressive drug cyclosporin A (CsA) (but 
not FK506, another commonly used 
immunosuppressant) activates the ZG K+ 
conductance and selectively increases the open 
probability of ZG K+ channels incorporated into 
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planar bilayers (62). The electrophysiological (and 
other) data let us suggest that CsA has a direct 
effect on the underlying K+ channel (62). CsA also 
increased basal enzyme release of permeabilized 
rat pancreatic acini, but did not enhance CCK-
induced enzyme secretion, which is in line with 
the results of previous studies that had 
investigated the role of CsA on exocrine pancreas 
function (41, 47) (but these authors had 
suggested a different mode of action of CsA). We 
speculated that the selective activation of ZG K+ 
channels by the immunosuppressant CsA may 
cause an increased release of digestive enzymes 
in situ due to osmotic swelling and lysis of ZG and 
that this pathological process may account for the 
increased incidence of post-transplant allograft 
pancreatitis in patients treated with CsA (but not 
with FK506) following hypoxia-reperfusion injury 
(62).  
 
In summary, although contamination by other 
organelles and membranes cannot be completely 
excluded, it seems likely that several K+ channels 
with different biophysical properties and 
pharmacological profiles are present in ZGM. This 
conclusion is supported by different 
electrophysiological techniques (planar bilayer 
and single ZG patch techniques), as well as by 
the detection of several different K+ channel 
proteins by immunological or proteomic 
approaches. However, as for AQPs, the 
significance of ZG K+ channels for the physiology 
of secretion by pancreatic acinar cells remains 
unclear. 
 
Cl- Channels 
 
ClC Cl- channels 
X-ray microanalysis studies of pancreatic acinar 
cells have demonstrated that the ZG Cl- 
concentration is about half the cytosolic Cl- 
concentration (83) that varies between 63 and 85 
mM in resting cells when measured with a Cl- 
sensitive fluorescent dye (60, 129). Based on 
early osmotic swelling studies with isolated ZG 
that postulated the presence of regulated Cl- 

channels (reviewed in reference (107), several 
candidate ion channel proteins have been 
identified in ZGM that have been linked to ZG Cl- 
conductive pathways. The earliest report 
suggested the presence of the Cl- channel ClC-2 
in ZGM (17). Using the whole-cell patch-clamp 
technique the authors identified a 
hyperpolarization-activated Cl- current in isolated 
pig pancreatic acinar cells. This current had the 
characteristic biophysical properties of ClC-2 
(114) and was activated by extracellular 
hypotonicity, similar to ClC-2 (42), suggesting a 
role in volume regulation. An antiserum raised 
against the C-terminus of ClC-2 localized the 
channel to secretory granules containing amylase 
by immunofluorescence microscopy of acinar 
cells, suggesting that the channel protein 
incorporates into the apical plasma membrane 
following granule exocytosis (17). By measuring 
whole vesicle currents of patched single ZGs and 
using KCl as permeating ions, Jena and 
coworkers (57) detected a conductance that could 
be reduced by the non-selective anion transport 
blocker DIDS (40 µM) by ~50% and concluded 
that Cl- channels are present in ZGM. 
Immunoblots of ZG with ClC-2 and ClC-3 
antibodies showed several bands, including 
immunoreactive bands of ~100 kDa, as expected 
for ClC-2 and ClC-3 (10, 106). However, ClC-2 
(as well as ClC-1) is a plasma membrane Cl- 
channel whereas the localization of CIC-3 through 
ClC-7 is likely to be predominantly intracellular 
(105). Proteomic analyses of rat ZGM identified 
ClC-3 and ClC-5, thus supporting the notion that 
ClC channel proteins are expressed in ZGM (96). 
The lack of pancreas or salivary phenotype of 
ClC-2 (10) and ClC-3 knockout mice (5) does not 
exclude that ZG express these channel proteins, 
also because of the assumed functional 
redundancy of ZG ion channel proteins (107). 
However, immunological studies demonstrating 
ClC-2 and ClC-3 expression in secretory granules 
have to be taken with caution as long as control 
experiments with knockout ZG have not been 
performed, proving specificity of the antibodies 
(51). Hence, the decisive experiments proving 
expression of ClC proteins in ZG are still missing. 
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Other candidate Cl- channels 
Another possible candidate for ZG anion channels 
may be AQP6 that operates as an anion 
permeable channel and not as a H2O channel 
because it has an asparagine residue (Asn-60) at 
the position corresponding to Gly-57 in AQP H2O 
channels (50, 68, 125). AQP6 has been detected 
in secretory granules of parotid acinar cells by 
immunological methods (73). Furthermore, 
osmotic swelling and lysis of secretory granules 
suspended in iso-osmotic KCl buffer displayed the 
same conductive properties as the native AQP6 
channel when induced by the AQP6 activator Hg2+ 
(72). Interestingly, osmotic swelling showed a 
Hg2+-independent component (about 33%) and 
Hg2+-dependent swelling was about 50% DIDS-
sensitive, again suggesting at least three different 
Cl- conductive pathways (however without 
functional redundancy) in these granules. 
 
A family of putative anion channel proteins 
predominantly expressed in epithelial tissues that 
is gated by Ca2+ was named CLCA (chloride 
channel, Ca2+-activated). Mouse CLCA1/2 
(mCLCA1/2) was detected in ZGM with a variety 
of immunological techniques using several 
antibodies that were thoroughly characterized 
(100, 112). Nevertheless, the gold standard of 
antibody characterization (namely to test the 
specificity of antibodies in knockout tissues used 
as negative controls) was not performed because 
mCLCA1/2 knockout mice are not available. In 
one study, an anion permeability was 
demonstrated with a ZG osmotic swelling assay 
whose permeability sequence, Ca2+ dependence 
and inhibitor sensitivity was reminiscent of CLCA 
associated anion currents (112). Meanwhile it has 
been established that hCLCA1, the human 
homolog of mCLCA3 that is expressed in mucous 
cells of the airway epithelium is a secreted protein 
rather than a Cl- channel (40) although it seems to 
modulate the conductance of endogenous Ca2+-
activated Cl− channels (46). It now seems likely 
that all the CLCA proteins cannot act in solo as 
ion channels but instead interact with other 
proteins in a possible signaling or regulatory 

capacity (reviewed in (91)). Their role in ZG 
function is unclear and awaits further elucidation. 
 
In summary, although there is some suggestive 
evidence for the expression of intracellular ClC Cl- 
channel proteins and for AQP6 in ZGM no strong 
candidate for a ZG Cl- channel has been 
identified. Whether a member of the 
TMEM16/anoctamin protein family of Ca2+-
activated Cl- channels contributes to ZG anion 
permeability remains an interesting question (58), 
especially because the Ca2+-activated Cl- channel 
TMEM16A is expressed in the area of pancreatic 
acinar ZG (124). 
 
Ca2+ Channels 
Pancreatic ZG are a significant Ca2+ store (23, 83, 
97) although the majority of ZG Ca2+ appears to 
be bound to proteins (38, 123, 124). Depending 
on the Ca2+ sensor used the free Ca2+ 
concentration in the ZG lumen varies between 9 
µM (123) and 55 µM (38). How Ca2+ accumulates 
in ZG is unclear, but Ca2+ uptake could occur in 
compartments of the secretory pathway upstream 
of secretory granules, e.g. the rER or the Golgi 
apparatus, and involve active transport mediated 
by different Ca2+-ATPases, such as SERCA 
(Sarcoplasmic/endoplasmic Reticulum Calcium 
ATPase) and SPCA (Secretory Pathway Calcium 
ATPase) pumps (120). Ca2+ released from ZG 
into the pancreatic juice may have a paracrine 
function on duct cells that express Ca2+-sensing 
receptors on their apical surface, as proposed by 
Bruce et al. (13). 
 
Secretagogues have been shown to evoke local 
increases of cytosolic Ca2+ in the secretory pole 
region of pancreatic acinar cells (116). Following 
studies demonstrating IP3-induced Ca2+ release 
from acidic neuroendocrine chromaffin granules 
induced by the second messenger inositol 1,4,5-
trisphosphate (IP3), experimental evidence has 
suggested that secretory granules from both 
endocrine and exocrine cells, including pancreatic 
acinar and airway goblet cells, are IP3-sensitive 
Ca2+ stores that play a significant role in Ca2+-
dependent secretion (reviewed in (93, 126). In 
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particular, using ZG isolated by differential 
centrifugation or intact pancreatic acinar cells, 
Petersen, Gerasimenko and colleagues have 
demonstrated release of Ca2+ from an acidic store 
in the apical pole of acinar cells induced by IP3, 
cyclic-ADP ribose or nicotinic acid adenine 
dinucleotide phosphate (i.e. suggestive of 
functional ryanodine receptors) that they 
associated with ZG (37, 38, 117). Gerasimenko 
and coworkers (35, 36) (reviewed in (93)) 
subsequently hinted at the importance of this 
acidic ZG store for the pathogenesis of alcohol-
induced pancreatitis. However, two independent 
studies have challenged these observations in 
pancreatic (128) and parotid acinar cells (80). 
These authors provided functional and 
biochemical evidence indicating that ZGM do not 
express IP3 or ryanodine receptors provided that 
ZG are not contaminated by other organellar 
structures, especially ER and mitochondria. 
Although the study of Gerasimenko et al. (38) had 
shown a three-fold enrichment of the ZG marker 
α-amylase in their ZG preparation the assay used 
to exclude ER contamination relied on the 
fluorescent dye DiOC6(3) [sic!] that is normally 
applied to assess ΔΨ of energized mitochondria 
(56). Using the ZG isolation procedure of 
Gerasimenko et al. (38), Yule et al. (128) showed 
disrupted mitochondria and ER membranes 
contaminating ZG by electron microscopy. 
Interestingly, Gerasimenko et al. (34) have 
recently revisited this issue in a 2014 review 
where they conceded that the main apical Ca2+ 
pool that is responsible for IP3-induced Ca2+ 
release may represent an acidic ER store. This 
conclusion may be more accurate than the earlier 
association of acidic stores with ZG and appears 
to be supported by three lines of evidence: 1) The 
majority of ZG are not acidic (87); 2) ER also co-
localizes with ZG (39, 119); 3) an acidic IP3-
sensitive ER Ca2+ pool has been previously 
demonstrated that may operate via parallel 
operation of a vacuolar-type H+ pump and a 
Ca2+/H+ exchanger, both in pancreatic (109, 111) 
and parotid acinar cells (113). 
 

From the available evidence, it appears now very 
likely that ZG are not an IP3 sensitive Ca2+ pool 
because IP3 receptors are not expressed in ZGM. 
It remains an open question whether other modes 
of Ca2+ release mechanisms are operative in ZG. 
Interestingly, Hille and coworkers (30) have 
recently shown a release of Ca2+ via “store-
operated” Orai channels in the membrane of 
secretory granules from neuroendocrine PC12 
cells (they did not detect IP3 receptors in these 
secretory granules, in contrast to previous studies 
(126)). These granule Orai channels are activated 
by regulator stromal interaction molecule 1 
(STIM1) on the ER and may serve to raise local 
cytoplasmic Ca2+ concentrations for refilling of 
Ca2+ stores of the ER and to promote exocytosis 
(30). 
 
4. Transporters  

Vacuolar-type H+-ATPase 
One of the hallmarks of many vesicular 
compartments is the expression of a vacuolar-
type H+-ATPase (V-ATPase) that acts to acidify 
the vesicular lumen (31). Subunits of the V-
ATPase have been clearly identified in the 
membrane of rat pancreas ZG by immunological 
methods (99) and by proteomic analyses (19, 96). 
Nevertheless, conflicting results were obtained in 
several early studies when measuring lumenal pH 
of secretory granules in freshly isolated acini or 
purified granules: Using fluorescence microscopy 
and the weak base acridine orange (AO) that 
accumulates in acidic organelles and changes its 
fluorescence from green to orange when 
concentrated, ZG were found to be acidic 
whereas parotid secretory granules showed a 
neutral pH (6, 7, 28, 82). In a landmark study, Orci 
et al. (87) used the probe 3-(2,4-dinitroanilino)-3-
amino-N-methyldipro-pylamine (DAMP), a weak 
base that accumulates in the lumen of acidic 
organelles, where it can be fixed (4). Quantitative 
immunostaining of DAMP in conjunction with 
electron microscopy was used to measure pH in 
the secretory pathway of fixed isolated pancreatic 
acini. The data revealed that condensing vacuoles 
are acidic but lose their acidity during maturation 
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(87). To account for these results, the authors 
speculated that the loss of acidity of maturing ZG 
may be the consequence of either removal of H+-
pump subunits, inactivation of the V-ATPase or 
closing of an anion conductance. It is noteworthy 
that it took more than 20 years to confirm the 
observation that the acidity of ZG decreases 
during maturation in freshly isolated pancreas 
acini using AO and live-cell two-photon imaging 
(8), thus suggesting that earlier AO 
measurements with fluorescence microscopic 
techniques were not adequate or insensitive. The 
study by Thorn and coworkers (8) also showed 
that the H+ concentration of mature granules is 
not affected by pre-incubation with a blocker of 
the V-ATPase and that upon secretagogue-
stimulated secretion the pH in the acinar lumen 
never drops below 7.0 which is an indication that 
ZG pH is at the most weakly acidic. A decrease of 
acidity in the secretory pathway during maturation 
is anomalous as in most secretory organelles 
along the secretory pathway the luminal pH drops 
from the near-cytosolic value of 7.2 within the ER 
to 6.7–6.0 along the Golgi complex to 
approximately 5.2–5.7 in secretory granules and 
is often associated with a reciprocal decrease of a 
H+ permeability (see (90) for review). This is 
particularly the case in neuroendocrine cells 
where the increasing electrochemical gradient H+ 
gradient generated by the V-ATPase is also used 
to store cargo (e.g. neurotransmitters or metal 
ions) above equilibrium with the cytosol (31, 54). 
In contrast, mature pancreatic ZGs do not store 
ATP (45) or Zn2+ (83) above cytosolic 
concentrations, which is in accordance with a 
reduced acidity of mature ZG. How ZG (as well as 
parotid secretory granules; see (6, 7) lose their 
acidity during maturation remains to be 
investigated, but this could be the consequence of 
a differential activity or expression of V-ATPases 
and/or differences in H+ permeabilities (90), or 
activation of exchange pathways for counterions, 
e.g. Na+/H+-, Ca2+/H+- or Cl-/H+-exchangers (2, 3, 
88, 105) along the secretory pathway of 
pancreatic (and parotid) acinar cells that would 
result in a dissipation of the pH gradient during 
maturation. 

Vesicular nucleotide transporter SLC17A9 
SLC17A9 (also named VNUT for Vesicular 
Nucleotide Transporter) is a vesicular ATP 
transporter widely expressed in various organs, 
but predominantly in the adrenal gland, brain, and 
thyroid gland (pancreas was not tested) (101). 
SLC17A9 may mediate concentrative 
accumulation of ATP in secretory vesicles, such 
as chromaffin or synaptic vesicles, to a luminal 
concentration of 100 mM or more (reviewed in 
references (15, 53). SLC17A9 protein shows a 
relative mobility varying between 61 and 68 kDa 
in SDS-PAGE depending on the origin of the 
protein (native or recombinant). When 
reconstituted into proteoliposomes, SLC17A9 
transports ATP (as well as ADP, GTP and UTP as 
shown by Cis inhibition experiments) and uses a 
ΔΨ (positive inside) but not a ΔpH (the vesicle 
lumen being acidic) as driving force for uptake. 
ATP transport depends on external Cl- and 
saturates at ~4 mM external Cl-. ATP uptake is 
inhibited by 4,4-diisothiocyanatostilbene-2,2-
disulfonate (DIDS) with an IC50 of ~1.5 µM. Evans 
blue is even more potent (IC50 ~40 nM) whereas 
200 µM atractyloside inhibits SLC17A9 only in the 
presence of Mg2+. All these properties are similar 
to those that have been reported for ATP uptake 
in chromaffin granules and granule membrane 
ghosts (53). Although ATP transport rate seemed 
to be independent of Ca2+ or Mg2+, subsequent 
studies by the same group showed that SLC17A9 
also transports both divalent cations in an ATP- 
and Cl-- dependent manner and is driven by an 
inside-positive ΔΨ, but not by an inside-positive 
ΔpH, and with a similar inhibitor sensitivity as ATP 
transport (79). Hence, divalent cation transport 
probably occurs by complexation with ATP and 
may contribute to vesicular accumulation of 
divalent cations in secretory vesicles as well. 
 
It has been hypothesized that during pancreas 
secretion evoked by secretagogues ATP is 
released from ZG into the primary fluid to mediate 
paracrine signaling between acinar and duct cells 
and thereby coordinates ductal and acinar fluid 
secretion (84). This may occur via purinergic 
receptors expressed on the apical membrane of 
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duct cells (70). Indeed, pancreatic ZG do contain 
ATP: From measurements with freshly isolated 
ZG it has been estimated that the in vivo 
concentration of ATP in ZG is 0.5-1 mM ATP (45), 
a more than 100-times lower concentration than in 
neuroendocrine secretory vesicles expressing 
SLC17A9 and a concentration that is also below 
the average cytosolic concentration of 2-5 mM 
ATP (15), thus making concentrative ATP 
transport unnecessary and therefore unlikely. 
Nevertheless, Novak and coworkers have 
suggested that SLC17A9 is expressed in the 
membrane of ZG where it mediates ATP uptake 
(44, 45). Their experimental evidence supports 
expression of SLC17A9 in ZGM, e.g. detection of 
a ca. 65 kDa protein with a SLC17A9-specific 
antiserum, co-localization of immunolabeling for 
SLC17A9 with the ZG membrane marker Rab3D, 
or inhibition of ATP uptake into ZG by 100 µM 
DIDS and Evans blue (44, 45). Furthermore, 
induction of rat AR42J acinar cells into a secretory 
phenotype by dexamethasone administration 
increases carbachol-induced ATP release and 
SLC17A9 expression. In Haanes’ and Novak’s 
work in isolated ZG, ATP uptake depends on 
external Mg2+ and high Cl-, is driven by an inside-
positive ΔpH (either generated by an artificial pH 
gradient or as demonstrated by bafilomycin A1-
sensitive uptake) as well as an inside-positive K+ 
diffusion potential (although it is not clear whether 
this K+ diffusion potential is physiologically 
significant) and shows no Cis inhibition by ADP or 
UTP (45), all properties which differ from the 
transport properties of SLC17A9. It may be 
argued that results obtained in intact ZG may 
differ from transport of a protein reconstituted into 
proteoliposomes (45). However, transport of 
reconstituted SLC17A9 matches transport in 
intact chromaffin granules (53, 101). Hence, ATP 
uptake and expression of SLC17A9 in ZG could 
be observations that are not causally linked. 
Experiments providing evidence for a causal 
relationship between ZG ATP accumulation and 
SLC17A9 are required to confirm the postulated 
role of SLC17A9 in (concentrative?) ATP uptake 
into ZG, e.g. by knocking down the transporter 
and determining ZG ATP concentration and/or 

secretagogue-induced ATP release from AR42J 
cells. Moreover, it remains to be tested whether 
SLC17A9 (if it is indeed expressed in ZGM; 
another member of this transporter family could 
be expressed) may be involved in the 
accumulation of Ca2+ in ZG that, apart from the 
endoplasmic reticulum represents a significant 
intracellular Ca2+ pool (23, 97, 98). In summary, 
the available evidence that SLC17A9 is 
responsible for concentrative ATP uptake into 
pancreatic ZG is weak. 
 
Zinc transporter SLC30A2 
The SLC30A2 gene encodes a zinc (Zn2+) 
transporter (also named ZnT2 for Zinc 
Transporter 2) that was cloned from a rat kidney 
cDNA expression library by complementation of a 
Zn2+-sensitive Baby Hamster Kidney cell line (89) 
and that is also highly expressed in pancreas 
(reviewed in (48, 102)). Using GFP-ZnT2 fusion 
proteins and immunofluorescence studies, the 
transporter was found to be localized in vesicular 
membranes of acidic intracellular compartments 
(as opposed to the Zn2+ efflux transporter 
SLC30A1/ZnT1 that is expressed in the plasma 
membrane). The authors suggested that ZnT2 
contributes to protection against Zn2+ toxicity by 
facilitating Zn2+ influx into an 
endosomal/lysosomal compartment thereby 
lowering cytosolic Zn2+ jointly with ZnT1 (89). 
Subsequent studies have revealed that, in 
addition to the pancreas, SLC30A2 is also 
expressed in mammary gland, prostate, retina, 
small intestine and kidney where it is localized on 
the membrane of intracellular organelles (e.g. 
endosomal/lysosomal and secretory vesicles) and 
sequesters cytoplasmic Zn2+ for secretion, 
storage, or for use in proteins that require Zn2+ for 
their activities (reviewed in (48, 102)). As an 
example, mutation or knockdown of SLC30A2 
results in reduced Zn2+ secretion from mammary 
gland epithelial cells in vivo and in vitro (22). The 
transport mechanism of SLC30A2 has not been 
yet elucidated, yet several studies indicate that 
vesicular Zn2+ transport mediated by mammalian 
SLC30 transporters (SLC30A1 and SLC30A5) is 
catalyzed by H+/Zn2+ exchange (85, 103), and for 
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SLC30A5 may be driven by the vesicular H+ 
gradient generated by V-ATPases (85). 
In pancreatic islet β-cells granules Zn2+ is almost 
40-times enriched compared to the cytosol 
whereas no difference between cytosolic and 
acinar ZG Zn2+ concentration was found, as 
measured by X-ray microanalysis (83). In β-cells 
granules (and other neuroendocrine secretory 
granules) SLC30A8 has been identified as the 
Zn2+ transporter that is responsible for insulin 
maturation and crystallization before secretion 
(20), and its possible importance in the etiology of 
diabetes has been highlighted (64). Because 
neuroendocrine secretory granules are acidic (54, 
107) SLC30A8-mediated Zn2+ accumulation 
against a concentration gradient is likely driven by 
the vesicular H+ gradient generated by vacuolar-
type H+-ATPases and could occur via H+/Zn2+ 
exchange, as demonstrated for SLC30A1 and 
SLC30A5 (85, 103).  
 
The situation in ZG is much less clear. In rats, 
Zn2+ deficiency caused Zn2+ depletion in acinar 
but not in β-cells (104), which is in line with the 
ability of β-cells to store Zn2+ in insulin granules in 
a slowly-exchanging intra-granule compartment 
and also with the apparent inability of pancreatic 
ZG to enrich Zn2+ (83) (although free Zn2+ 
concentration in the granular compartment could 
exceed free cytosolic Zn2+ concentration 
considering the differences in affinities of Zn2+-
binding proteins in cytosol [e.g. Zn2+-
metallothionein with nano- to picomolar stability 
constants] versus granular compartment [e.g. 
zymogens with micromolar stability constants]). 
Liuzzi et al. (69) showed that Zn2+ depletion in 
mice is associated with a reduction of pancreatic 
acinar SLC30A1 and SLC30A2, and the authors 
speculated that SLC30A1/2 may mediate lowering 
of cytosolic Zn2+ in pancreatic acinar cells of Zn2+ 
replete animals. Based on a study showing 
secretion of the cytosolic Zn2+-binding protein 
metallothionein into pancreatic juice (27), De Lisle 
and coworkers suggested that exocytotic 
secretion of Zn2+ by pancreatic acinar cells could 
contribute to physiological Zn2+ homeostasis by 
controlling Zn2+ losses into the pancreatic fluid 

(24, 69). Recently, Cousins and coworkers 
showed SLC30A2 expression in ZG, and 
reduction of the Zn2+ diet of mice was paralleled 
by decreases of Zn2+ concentrations and 
SLC30A2 expression in ZG (43). Rat AR42J 
acinar cells when induced into a secretory 
phenotype with dexamethasone exhibited 
increased SLC30A2 expression that was 
associated with a reduction of cytosolic 65Zn2+ 
content and an increase of the 65Zn2+ content of 
ZG. SLC30A2 knockdown in the AR42J cells 
using siRNA (~70% mRNA reduction) increased 
cytoplasmic 65Zn2+ by 36% and decreased ZG 
65Zn2+ by 15%, suggesting that SLC30A2 
mediates the sequestration of Zn2+ into ZG (43). 
The relatively low impact of SLC30A2 knockdown 
on ZG Zn2+ content may be related to the 
observation that ZG do not accumulate Zn2+ 
above cytosolic concentration (which is probably 
caused by the loss of acidity of ZG during 
maturation; see the paragraph on Vacuolar-type 
H+-ATPase), or because other Zn2+ transporters 
may more significantly contribute to Zn2+ flux 
across the ZG membrane. What could be the 
significance of the presence of Zn2+ in ZG? For 
instance, it is known that ZG contain Zn2+-
metalloenzymes, such as carboxypeptidases that 
require Zn2+ for their function (118), but also for 
inhibition of their function at micromolar Zn2+ 
concentrations (59). Although SLC30A2 is 
expressed in ZG, Zn2+ uptake via SLC30A2 (or 
other members of the SLC30 protein family) is 
more likely to be operative in acidic organelles of 
the secretory pathway (e.g. the Golgi apparatus or 
immature granules) during or immediately after 
protein synthesis (92). Whether secretagogue-
evoked exocytotic secretion of Zn2+ from ZG (43) 
and/or secretion of cytosolic Zn2+-metallothionein 
by a mechanism independent of ZG exocytosis 
(27) are effective means to regulate Zn2+ body 
homeostasis remains to be shown. In fact, a 
regulation of the expression of transporters for 
Zn2+ uptake (from dietary sources and/or the 
pancreatic juice) in the intestinal mucosa may be 
a more effective and sensitive mechanism to 
control Zn2+ body homeostasis (25, 55, 71); 
however see a divergent view in (130)).  
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5. Conclusion: Problems, Questions, 
Outlook  

From a scientific perspective, the major 
unresolved issue so far is not so much the 
presence or absence of specific ZG channels and 
transporters (there is no doubt that channels and 
transporters are expressed in the membrane of 
ZG) but rather to understand their physiological 
role in the process of fusion and exocytosis. Here 
the development of functional channel/transporter 
knockout animal models is mandatory to move the 
field forward. In this context, the anomalous 
property of the pancreatic acinar cell displaying a 
decreasing acidity of maturing ZG (Figure 1) 
remains an enigma because other secretory cells, 
in particular neuroendocrine cells, exhibit an 
increasing acidity along the secretory pathway 
(90). This is particularly puzzling because very 
recent studies in neuroendocrine cells have 
highlighted the important role of the V0 domain of 
the V-ATPase as a sensor of intragranular pH that 
identifies and regulates the ability of granules to 
undergo exocytosis (95, 121). Hence, what is the 
significance of a decreasing acidity of maturing 
ZG? 
 
More generally, during the writing of this review 
several questions arose: Firstly, why is there so 
little understanding of the function of ZG channels 
and transporters in pancreatic acinar secretion 
despite an increasing number of identified ZG 
transporter and channel proteins? Not 
surprisingly, substantial molecular evidence for 
channels and transporters in ZG contrasts with 
the “bag-like” models found in influential reviews 
on the topic (e.g. (78)). Secondly, why are there 
so few studies linking molecular data with 
function? In other words, there appears to be a 
large gap between functional and expression 
studies. Thirdly and most importantly, why is there 
a lack of (functional) channel/transporter knockout 
animal models (despite substantial progress in 
these methodologies) on which the validity of 
dominant physiological and pathophysiological 
concepts could be vigorously tested? Finally, why 

are the dominant models of pancreatic acinar 
physiology and pathophysiology almost 
exclusively based on functional studies in cells 
and with a focus on Ca2+ signaling (93, 94)? Quite 
revealingly, these models ironically also 
reproduce the oscillating relevance of ZG as a 
physiological IP3-sensitive Ca2+ store that may (or 
may not) be involved in diseases, such as 
pancreatitis (see paragraph on Ca2+ Channels; for 
instance compare (34) with (37, 38)). Despite the 
undisputed relevance of Ca2+ signaling for the 
physiology of acinar cell secretion (see the special 
issue in Cell Calcium on “Ca2+ signaling and 
secretory function” (127)), this focus may be too 
narrow to describe the pathophysiology of 
pancreatitis (especially when these studies have 
been performed on isolated acinar cells (see for 
instance (36)) whose relevance as a model of 
pancreatitis is debatable). In this author’s view, it 
is to be feared that a lack of plurality of working 
hypotheses and methodologies will prevent 
further generation of knowledge and actually 
hinder further progress in understanding the 
physiology of pancreatic acinar cells and the role 
of ZG. This strategy also represents a hazard for 
current translational research and medical 
applications as significant gaps of understanding 
of pancreatic acinar physiology still prevail 
although currently largely ignored. 
 
Hopefully, a future generation of researchers in 
the area of pancreatic acinar physiology will 
overcome current difficulties  in areas of research 
outside of the current dominating subjects. As this 
review has sought to demonstrate, many 
unresolved – and neglected – problems remain in 
ZG physiology. It is likely that they also require 
attention before we can frame more accurate 
concepts of efficient preventive and therapeutic 
strategies for diseases of the pancreas, such as 
acute and chronic pancreatitis. 
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