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Syncollin is a small protein that is abundantly expressed in pancreatic acinar cells and that is tightly
associated with the lumenal side of the zymogen granule membrane. To shed light on the hitherto unknown
function of syncollin, we have generated syncollin-deficient mice. The mice are viable and show a normal
pancreatic morphology as well as normal release kinetics in response to secretagogue stimulation. Although
syncollin is highly enriched in zymogen granules, no change was found in the overall protein content and in the
levels of chymotrypsin, trypsin, and amylase. However, syncollin-deficient mice reacted to caerulein hyper-
stimulation with a more severe pancreatitis. Furthermore, the rates of both protein synthesis and intracellular
transport of secretory proteins were reduced. We conclude that syncollin plays a role in maturation and/or

concentration of zymogens in zymogen granules.

The exocrine pancreas is specialized for the synthesis, stor-
age, and release of digestive proenzymes. Since the pancreas
exhibits the highest rate of protein synthesis among all mam-
malian tissues (8), it has served for many years as the model
system for the study of intracellular protein transport and
secretion (31). In pancreatic acinar cells, secretory proteins are
synthesized at the rough endoplasmic reticulum and trans-
ported to the Golgi apparatus. In the frans-Golgi network,
proteins are segregated into condensing vacuoles that undergo
further maturation to zymogen granules (for a review, see
reference 37). During maturation and condensation, granular
content proteins are segregated from proteins destined for
constitutive secretion (for a review, see references 3 and 43).
Mature granules are stored in the apical pole of the acinar cell.
Upon nervous or hormonal stimulation, a selective rise in the
local Ca®* concentration is observed in the apical pole, which
triggers exocytotic discharge of the granule content into the
pancreatic duct (32).

Formation, maturation, and exocytosis of zymogen granules
are multistep processes that are only incompletely understood
at the molecular level. For instance, it is largely unknown how
zymogens are sorted in the trans-Golgi network and how they
are packaged and concentrated in zymogen granules. Further-
more, the molecular steps involved in granule docking and
fusion still need to be elucidated. As in many other intracel-
lular fusion events, members of the Rab and SNARE (for
soluble N-ethylmaleimide sensitive factor attachment protein
receptor) protein families were shown to be involved in pan-
creatic secretion (16, 18, 29, 30, 44), but how they are regulated
and which proteins are involved in transmitting the calcium
signal to the exocytotic machinery are still unknown.
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To shed light on the mechanisms involved in granule matu-
ration and fusion, a better understanding of the components of
the granule membrane is needed. Granule membrane constit-
uents are likely to be essential for acinar cell function for two
reasons. First, protein sorting and packaging will, at least to
some extent, depend on interactions between content and
membrane components. Second, the granule membrane must
contain trafficking proteins to ensure functioning of the zymo-
gen granule as a trafficking organelle. Membrane proteins
likely to be involved in trafficking include the SNARES synap-
tobrevin 2 (17) and syntaxin 3 (15), the Rab proteins Rab3D
(28, 45), Rab4 (29), and Rab5 (46), and secretory carrier mem-
brane proteins (SCAMP) (7). Membrane proteins involved in
sorting and packaging of zymogens need to have their func-
tional domains exposed on the luminal side of the granule
membrane. Examples for such proteins include ZG16 (10),
GP-300 (11), and GP-2 (21, 35).

Recently we have identified a novel protein, termed syncol-
lin, as a major constituent of the zymogen granule membrane
(13). Syncollin was isolated by virtue of its ability to bind to
syntaxins 1 and 2. Binding was reduced at increasing calcium
concentrations. Interestingly, the protein is strongly expressed
in the pancreas, whereas it is either absent or expressed at very
low levels in other secretory tissues. Furthermore, the addition
of recombinant syncollin to a cell-free assay for exocytosis
inhibited the reaction, suggesting that the protein may play a
role in regulating exocytosis. However, it has recently become
clear that the protein carries a signal sequence and that it is
localized to the luminal surface of the granule membrane (2).
These findings are difficult to reconcile with a role of syncollin
in membrane trafficking. Thus, the function of syncollin in the
pancreatic acinar cell has remained unclear.

To analyze the function of syncollin, we have now generated
syncollin-deficient mice. These mice are viable and fertile and
show no obvious defects. However, the pancreas of syncollin-
deficient mice is more susceptible to hyperstimulation by cae-
rulein in vivo. Furthermore, acinar cells from these mice dis-
play reduced rates of protein synthesis and intracellular
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transport in vitro, although no change was found in the zymo-
gen content of the organ and in the kinetics of secretagogue-
induced release. We conclude that syncollin, while not being
essential for acinar cell function, plays a role in efficient mat-
uration and/or concentration of zymogens.

MATERIALS AND METHODS

Caerulein was purchased from Pharmacia (Erlangen, Germany). Monoclonal
antibodies specific for syncollin (Cl 87.1 [2]), synaptobrevin 2 (Cl 69.1 [12]), and
GDP dissociation inhibitor (Cl 81.1 [9]) as well as polyclonal antibodies specific
for syntaxin 4 (18) were described previously and are commercially available
from Synaptic Systems (Gottingen, Germany). A monoclonal antibody specific
for rabphilin (clone Cl76.2; subclass immunoglobulin M) was raised against
recombinant rabphilin using standard procedures (24). A rabbit serum specific
for Rab3D (no cross-reactivity towards other Rab3 isoforms) was raised against
a synthetic peptide and will be described in detail elsewhere (D. Riedel et al.,
unpublished data).

Rabbit polyclonal antibodies specific for syntaxin 2 and syntaxin 3 were gen-
erated by immunization with the cytoplasmic domains of syntaxin 2 (residues 1 to
265) and syntaxin 3 (residues 1 to 260), respectively (14), and can be obtained
from Synaptic Systems. Antibodies specific for SCAMP and B-tubulin were
obtained from Synaptic Systems and Sigma, Deisenhofen, Germany, respectively.
Antibodies specific for protein disulfide isomerase (PDI), calreticulin, and BiP
were kind gifts of Nguyen Van (University Gottingen, Gottingen, Germany).

Generation of syncollin-deficient mice. Syncollin mutant mice were generated
by homologous recombination in embryonic stem cells as described previously
(39, 41). In short, two genomic clones containing both coding exons of murine
syncollin were isolated from a NFixIISV129 mouse genomic library (Stratagene,
La Jolla, Calif.) using standard techniques. The gene targeting vector based on
these clones replaced the first exon of syncollin (amino acids 1 to 132) (see Fig.
1) with a neomycin resistance cassette. Following electroporation and selection,
recombinant stem cells were analyzed by Southern blotting after digestion of
DNA with PstI. For hybridization, an outside probe localized 3’ of the targeting
vector short arm was used. Three positive clones were injected into mouse
blastocysts to obtain highly chimeric mice that transmitted the mutation through
the germ line. Germ line transmission was confirmed by Southern blotting.
Subsequent genotyping was performed by PCR using primer pairs specific for
wild-type allele (5'-ACTGGTCCGACTCCATCTCTGCCCTC and 5'-GTG
CACTCAGAGATGGGACCTCCAGG) or mutant allele (5'-GAGCGCGC
GCGGCGGAGTTGTTGAC and 5'-GTGCACTCAGAGATGGGACCTC
CAGG), both generating fragments of 210 bp. Mice were bred and maintained using
standard mouse husbandry procedures. In all comparative experiments, we exclu-
sively used sex-matched littermates and mice of both sexes.

Database searches. GenBank was searched for sequences derived from human
syncollin by the use of BLAST (1) programs of the National Center for Biotech-
nology (Bethesda, Md.) with amino acid sequences of mouse and rat syncollin.
Several expressed sequence tag clones were identified (#7293944, #8362822,
#10582602, #2896277, and #5850967). From these, the human sequence was
obtained and verified by comparison with the sequence of the human genome
project (GenBank accession no. AC011443.6).

Light and electron microscopy. For light microscopy, pancreatic tissue of three
individual animals from each genotype was fixed by immersion in 4% phosphate-
buffered paraformaldehyde for 12 h, embedded in paraffin, and sectioned (4
wm). Sections were stained with hematoxylin-eosin and examined with a pho-
tomicroscope (Zeiss, Oberkochen, Germany).

For transmission electron microscopy, pieces of pancreas no larger than 2 mm?
were fixed by immersion in a mixture of 2% glutaraldehyde in 0.1 M cacodylate
buffer at pH 7.4. After postfixation in 1% osmium tetroxide and staining with 1%
tannic acid and 1% uranyl acetate, tissue samples were dehydrated and embed-
ded in Epon 812. Thin sections were counterstained with lead citrate and exam-
ined using a Philips CM 120 BioTwin transmission electron microscope (Philips
Inc., Eindhoven, The Netherlands).

Induction of pancreatitis. Acute edematous pancreatitis was induced as de-
scribed previously (26). In short, syncollin-deficient mice and littermate controls
received seven intraperitoneal injections of the amphibian CCK-8 analogue
caerulein (50 pg/kg of body weight) at 1-h intervals. Animals were sacrificed at
different time intervals (6, 12, 18, and 36 h and 7 days) after the injections.
Untreated syncollin-deficient mice and wild-type littermates served as the con-
trol. At the given time points, serum samples of at least six animals in each group
were analyzed. Light and electron microscopical analyses were performed on
tissue samples from three and two animals, respectively, in each group.
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Subcellular fractionation. Zymogen granules from pancreas were prepared as
described previously (27). To enrich for membrane proteins, phase partitioning
in Triton X-114 was performed on homogenate fractions (6). For immunoblot-
ting with antibodies specific for syntaxin 2, syntaxin 3, syntaxin 4, and Rab3D, an
aliquot of the detergent phase corresponding to 200 g of protein of the starting
homogenate, and for SCAMP and synaptobrevin 2, aliquots corresponding to 50
wg of protein of the starting homogenate, were loaded per lane (see Table 2). For
immunoblotting with antibodies specific for GDP dissociation inhibitor, rabphi-
lin, syncollin, PDI, calreticulin, BiP, and B-tubulin, 20 ng of homogenate was
loaded per lane. Signals were quantified using ECL reagent (NEN, Boston,
Mass.) and Image Reader LAS-1000 in combination with AIDA software (ray-
test).

For isopycnic sucrose density gradient centrifugation, zymogen granules were
prepared as described previously (27). Zymogen granules derived from one
pancreas were resuspended in 300 pl of homogenization buffer (280 mM su-
crose-5 mM morpholineethanesulfonic acid [pH 6.5]-1 mM EDTA-0.1 mM
phenylmethylsulfonyl fluoride [PMSF]-10-pg/ml soybean trypsin inhibitor—1-
pg/ml pepstatin-11-pg/ml benzamidine—1-pg/ml antipain-1-pg/ml leupeptin),
loaded on top of a continuous sucrose gradient (10 ml of 35 to 60% [wt/vol]
sucrose in 5 mM morpholineethanesulfonic acid [pH 6.5]-1 mM EDTA-0.1 mM
PMSF-1-pg/ml soybean trypsin inhibitor—0.1-pg/ml pepstatin—1.1-pg/ml benza-
midine-0.1-pg/ml antipain-0.1-pg/ml leupeptin) and centrifuged for 19 h at
40,000 rpm in a Beckman (Fullerton, Calif.) SW41 rotor. After centrifugation,
fractions of 300 pl were collected. All samples were analyzed for amylase (by
enzyme assay; see below) and for SCAMP and synaptobrevin 2 (by immunoblot-
ting). The sucrose concentration of each fraction was determined by refractom-
etry.

Secretion of amylase. Secretion was monitored by measuring the release of
amylase from pancreatic lobules (prepared as described in reference 38) in
response to carbamylcholine. For each incubation, 20 to 30 lobules were sus-
pended in oxygen-saturated incubation buffer consisting of 20 mM HEPES (pH
7.4), 120 mM NaCl, 5 mM KCl, 1.2 mM MgCl,, 2 mM CaCl,, 14 mM glucose,
Eagle’s minimal essential medium amino acid supplement, and 2 mM L-glu-
tamine. Amylase discharge into the incubation medium was expressed as a
percentage of the total amylase content in the lobules at the beginning of the
incubation.

Protein synthesis and transport. Protein synthesis was measured as described
previously (33) using 50 pCi of [*H]-labeled instead of ['*C]-labeled amino acids
(TRK440, Amersham)/ml and PMSF and soybean trypsin inhibitor as protease
inhibitors in the lysis buffer. To measure the discharge of radioactively labeled
proteins, lobules were incubated for 5 min in 500 wCi of [*H]-labeled amino
acids/ml, washed, and transferred into unlabeled medium. Where indicated, the
medium contained 0.5 wM carbachol. At the indicated time points, aliquots of
medium and lobules were removed, and the lobules were homogenized as de-
scribed. Protein synthesis was measured by determination of trichloroacetic
acid-insoluble radioactivity, and homogenate samples were normalized to the
DNA content. The discharge of labeled protein was measured by quantifying the
trichloroacetic acid-insoluble radioactivity of the medium. In all cases, radioac-
tivity was determined by liquid scintillation counting. In all experiments, lactate
dehydrogenase released into the medium remained constant during incubation
time, showing that protein release is not caused by nonspecific tissue damage.

Other methods. Trypsin was measured after activation by enterokinase (38) as
described in reference 22 using N-benzoyl arginine ethyl ester as the substrate.
Chymotrypsin was assayed after activation by trypsin using benzoyl tyrosine ethyl
ester as the substrate (22). Amylase was measured as described in reference 5,
and lactate dehydrogenase was measured as described in reference 4. Protein was
measured using the bicinchoninic acid method (Pierce) following the instructions
of the manufacturer. All enzyme activities were normalized to DNA content
(determined as described in reference 34) of the homogenate.

RESULTS

A murine genomic library was screened with rat syncollin
cDNA as a probe to isolate genomic clones of the murine
syncollin locus. Two independent clones were isolated which
contain the two coding exons of mouse syncollin. The trans-
lated amino acid sequence of mouse syncollin is 86.6% iden-
tical to that of the rat and 73.7% identical to the human
sequence (Fig. 1A).

The targeting vector for homologous recombination re-
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FIG. 1. (A) Syncollin is conserved in mammals. A sequence comparison of syncollin derived from rat, mouse, and human is shown. Sequence
alignment was performed using the programs ClustalW and Boxshade. Identical and conserved amino acids are darkly and lightly shaded,
respectively. (B) Gene targeting of syncollin. Maps of the wild-type syncollin gene, the respective targeting vector, and the resulting mutant gene
are shown. Positions of exons (black boxes with base pairs of corresponding cDNA) and restriction enzyme sites are indicated. The positions of
the probe to identify wild-type and mutant alleles are indicated by open bars. Neo, neomycin resistance gene; TK, thymidine kinase gene.
(C) Southern blot analysis of deletion mutations. Mouse tail DNA from adult wild-type (+/+) mice and mice heterozygous (+/—) or homozygous
(—/—) for the mutation in syncollin genes were analyzed as described in Materials and Methods. Positions of wild-type (WT) and mutant (KO)
alleles are indicated. (D) Syncollin expression in mice. Zymogen granules (20 pg/lane) from adult wild-type (+/+) mice and heterozygous (+/—)
or homozygous (—/—) mice derived from three independent stem cell clones (syl6, syl8, and syl7) were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and immunoblotting using antibodies specific for SCAMP as a marker for zymogen granules and syncollin (syc).

placed exon 1 (coding for residues 1 to 132 of syncollin) by a
neomycin resistance cassette (Fig. 1B). Electroporation of the
targeting vector into E14.1 mouse embryonic stem cells (20)
resulted in nine independent clones in which homologous re-

combination of the syncollin gene had occurred. Highly chi-
meric mice were generated by blastocyst injection using three
independent embryonic stem cell clones. These mice were used
for breeding to generate heterozygous mutant mice. Inter-
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FIG. 2. The structure of the pancreas at the light and electron microscopy level is normal in syncollin-deficient mice. (A and B) Micrographs
of pancreatic sections, stained with hematoxylin and eosin, that were obtained from 90-day-old wild-type (A) and syncollin-deficient (B) mice. The
pancreatic morphology is normal. Bars, 50 um. (C to F) Electron micrographs obtained from thin sections of pancreas derived from wild-type (C
and E) and syncollin-deficient mice (D and F) show no difference in acinar cell differentiation and zymogen granules (C and D; bars, 1 um) or

in morphology of the endoplasmic reticulum (E and F; bars, 250 nm).

breeding of the heterozygous mice resulted in offspring that
showed the predicted Mendelian frequencies of wild-type, het-
erozygous, and homozygous genotypes. When pancreas ho-
mogenates (not shown) or preparations of pancreatic zymogen
granules obtained from adult mice were analyzed by immuno-
blotting (Fig. 1D), no trace of syncollin expression was de-
tected in homozygous mutants. In granule preparations ob-
tained from heterozygous animals, protein levels of syncollin
were reduced with respect to wild-type expression levels.

Mice lacking syncollin were viable and fertile and exhibited
no obvious phenotypical changes. Mutant mice were capable of
reproducing and of caring for their offspring. Their body
weights and their life spans were comparable to those of their
wild-type and heterozygous littermates.

To determine whether the exocrine pancreas is altered in
syncollin-deficient mice, we first performed a morphological
analysis. Hematoxylin and eosin staining of pancreatic sections
obtained from 90-day-old homozygous mutant mice showed
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TABLE 1. Protein and enzyme levels in the pancreas of wild-type
(+/+), heterozygous (+/—), and homozygous (—/—) mice”

% (range) of:

Genotype

Protein Chymotrypsin

+/+ 100 (91-109) 100 (94-109) 100 (89-108) 100 (86-110)

+/— 100 (96-111)  98(90-113) 100 (92-114) 95 (84-105)
—/— 105 (98-112) 104 (95-112) 107 (98-113) 105 (92-118)

Trypsin Amylase

“ Protein levels and enzyme activities were normalized to DNA content. Four
mice of each genotype were analyzed. The means of wild-type values were set to
100%.

normal acinar morphology with no sign of tissue inflammation
(Fig. 2B). Furthermore, no change in morphology was ob-
served during weaning or in animals older than 1 year (data not
shown). Examination by electron microscopy showed normally
organized acini (Fig. 2D). Abundance and average size of
zymogen granules were similar in acinar cells of syncollin-
deficient mice and littermate controls. Furthermore, morphol-
ogy of the endoplasmic reticulum is unchanged in syncollin-
deficient mice (Fig. 2E and F). In addition, zymogen granules
were purified, and their buoyant density was compared using
isopycnic sucrose density gradient centrifugation. No differ-
ence was found between syncollin-deficient mice and litter-
mate controls (data not shown), suggesting that the granular
protein concentration is unaltered in syncollin-deficient mice.

Consistent with the normal morphology, we found that in
syncollin-deficient mice the overall protein content of the pan-
creas was unchanged. Similarly, no change was observed in the
pancreatic levels of chymotrypsin, trypsin, and amylase (Table
1) and in the serum levels of amylase and lactate dehydroge-
nase (data not shown). Furthermore, we examined the levels of
several proteins known to be involved in vesicular trafficking of
zymogen granules. Again, no difference was observed between
wild-type and syncollin-deficient mice (Table 2). Also, in
agreement with the unchanged morphology of the endoplasmic
reticulum, the expression levels of several chaperons known to

TABLE 2. Levels in pancreatic tissue of syncollin, tubulin,
chaperons of the endoplasmic reticulum, and several
trafficking proteins®

% (range) of protein for genotype:

Protein
++ -/~
SNAP-23 100 (96.6-102.6) 96.4 (87.6-100.9)
Synaptobrevin 2 100 (94.3-105.9) 94.2 (89.2-98.7)
Syntaxin 2 100 (98.8-102.3) 100.9 (93.5-106.7)
Syntaxin 3 100 (97.5-101.8) 101.2 (97.7-103.7)
Syntaxin 4 100 (96.8-105.4) 101.2 (97.0-104.4)
SCAMP 100 (96.9-103.1) 102.6 (96.9-107.4)

GDI 100 (94.9-108.7) 101.2 (100.8-103.0)

Rab3D 100 (92.3-112.2) 93.7 (90.9-96.4)
Rabphilin 100 (91.1-108.4) 102.8 (101.5-104.6)
Calreticulin 100 (98.1-103.1) 103.9 (100.8-109.8)
PDI 100 (95.7-104.0) 94.9 (90.7-99.8)
BiP 100 (93.8-109.4) 103.6 (90.5-113.6)
Syncollin 100 (97.8-103.0) 0.7 (0.2-1.0)
B-Tubulin 100 (94.4-103.5) 93.9 (84.5-102.3)

¢ Pancreatic proteins derived from wild-type (+/+) and knockout (—/—) mice
(three mice per group) were analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and quantitative immunoblotting. Signals were normalized to
the average of signals for wild-type mice and given in percentages.
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reside in the lumen of the endoplasmic reticulum (PDI, calre-
ticulin, and BiP) are unchanged (Table 2).

The experiments described so far did not reveal any differ-
ence between wild-type and syncollin-deficient mice with re-
spect to pancreas morphology and protein content. Next, we
examined whether the organ would also behave normally un-
der stress. For this purpose, we treated the mice with caerulein
according to a protocol that is well established for inducing
self-limiting acute pancreatitis. Caerulein was repeatedly ap-
plied by intraperitoneal injection at a supramaximal dose. At
different time points after the onset of the treatment, animals
were sacrificed and analyzed both for morphological alter-
ations of the pancreas and for serum levels of pancreatic amy-
lase and lactate dehydrogenase. Acute pancreatitis in wild-type
mice is characterized by mild edema 6 to 12 h after induction
(Fig. 3A and C), followed by acinar vacuolization and single-
cell necrosis 12 to 18 h after induction (C and E). Furthermore,
we observed tissue inflammation starting 12 h after induction
of acute pancreatitis. Based on morphological evaluation, syn-
collin-deficient mice show a more severe course of acute pan-
creatitis than wild-type mice (Fig. 3B, D, and F). This was
evidenced by pronounced intralobular edema starting already
6 h after induction (Fig. 3B) and by marked vacuolization 12 h
after induction (Fig. 3D). Furthermore, marked acinar cell
necrosis was observed already 12 h after induction (Fig. 3D).
Fig. 3F shows extensive pancreatic necrosis that involves up to
75% of the organ 18 h after induction in syncollin-deficient
mice. Furthermore, interstitial inflammation was still evident
in knockout animals 36 h after induction (Fig. 3H), while
wild-type controls had largely recovered and showed only mi-
nor alterations of the pancreatic morphology (Fig. 3G). These
data indicate that syncollin-deficient mice are more susceptible
to caerulein-induced pancreatitis. Furthermore, regeneration
appears to be delayed in the knockout animals. Seven days
after induction of acute pancreatitis, both syncollin-deficient
mice and wild-type controls display normal morphology, indi-
cating that despite the more severe course of the pancreatitis in
syncollin-deficient mice, the pancreas retained its ability for
complete regeneration.

Serum amylase levels showed a similar pattern in both wild-
type and syncollin-deficient mice during the course of the pan-
creatitis, with a maximum 12 h after induction (Fig. 4A). The
tissue amylase content (Fig. 4B) mirrored the levels of serum
amylase, showing a minimum 12 h after induction. As ex-
pected, regeneration of the pancreas is accompanied by an
increase in pancreatic amylase and a decrease of serum amy-
lase levels. No major differences were observed between wild-
type and syncollin-deficient mice, although slight changes were
evident. First, 18 h after induction, serum amylase levels ap-
peared to be somewhat higher in knockout than in wild-type
animals. Furthermore, 36 h after induction, pancreatic amylase
levels were still decreased in syncollin-deficient mice whereas
wild-type levels had returned to normal values (Fig. 4B). This
delay is consistent with the morphological findings described
above. Seven days after induction, serum and pancreatic amy-
lase levels were normal, again in good agreement with the
morphological observations.

Together, the experiments described above uncovered a de-
fect in the function of the pancreas of syncollin-deficient mice
that was not obvious under normal physiological conditions.
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FIG. 3. Damage of the pancreas after induction of acute pancreatitis is more severe in syncollin-deficient mice than in wild-type littermates.
The figure shows micrographs of pancreatic sections, stained with hematoxylin and eosin, obtained from wild-type (A, C, E, and G) and
syncollin-deficient (B, D, F, and H) mice 6 h (A and B), 12 h (C and D), 18 h (E and F), and 36 h (G and H) after induction. Bar, 100 pm.



VoL. 22, 2002

A

1200
3 800
=
']
(7]
(1]
>
£ 400
©
0 7
Oh 6h 12h 18h 36h 7d
time
B s
—_ 4
3
&
‘zt 3
a
-3
8 2
>
£
©
1
0 #
Oh 6h 12h 18h 36h 7d
time

FIG. 4. Time course of serum (A) and tissue (B) amylase levels of
wild-type (triangles) and knockout (squares) animals after induction of
acute pancreatitis. The values are means for six (A) and four (B) an-
imals, and the bars indicate the range of the data points. Tissue amy-
lase was normalized to DNA content.

Since syncollin is specifically localized to the luminal side of the
zymogen granule membrane, we investigated in more detail
whether one or more steps of the secretory pathway are altered
in syncollin-deficient mice.

First, we evaluated whether secretagogue-induced secretion
was changed. Pancreatic lobules were prepared, and amylase
release was monitored in vitro using standard procedures (38).
No differences were observed between wild-type and syncollin-
deficient mice when secretion was stimulated by various con-
centrations of carbachol (Fig. 5A). Maximal secretion was ob-
served at a carbachol concentration of 0.5 uM. To exclude
differences in the release kinetics, the time dependence of
amylase release was monitored. As shown in Fig. 5B, no dif-
ferences were found regardless of whether stimulation was
conducted at submaximal (0.1 wM) or maximal (0.5 uM) car-
bachol concentrations. Furthermore, no differences were ob-
served at various carbachol or cholecystokinin concentrations
when isolated acini instead of lobules were used (data not
shown). Together, these data argue against a direct role of
syncollin in the stimulus-evoked exocytosis of mature zymogen
granules.

Second, we measured protein synthesis by monitoring the
incorporation of radiolabeled amino acids into total protein,
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FIG. 5. Amylase release is normal in the pancreas of syncollin-
deficient mice. Amylase release was measured using isolated pancre-
atic lobules prepared from wild-type (triangle) and knockout (squares)
mice (four mice per group). Secretion is expressed as the percentage of
amylase released into the medium with respect to the total amylase
content (sum of amylase discharged into the medium and amylase
retained in the tissue). Each value is the mean for the four indepen-
dent experiments; bars indicate the range. (A) Dose dependence of
carbachol-induced amylase release. (B) Discharge kinetics of amylase
in response to 0.5 and 0.1 wM carbachol.

again using isolated pancreatic lobules as an in vitro model.
Pancreatic lobules were incubated in the presence of radioac-
tively labeled amino acids. At different time points lobules
were removed, washed and homogenized. Protein was precip-
itated by trichloroacetic acid, and the amount of incorporated
radioactivity was measured. As shown in Fig. 6, incorporation
of radioactivity into protein was reduced by about 40% in
syncollin-deficient mice. This reduction was observed regard-
less of whether incorporation was determined 30, 60, or 90 min
after the onset of the incubation in the presence of labeled
amino acids. These data document that syncollin-deficient
mice exhibit a significantly reduced rate of protein synthesis.
Protein synthesis in the acinar cell is known to be influenced
by the performance of the entire secretory pathway, including
intracellular transport and exocytosis. Thus, the observed re-
duction in protein synthesis may be due not to a direct involve-
ment of syncollin in protein synthesis but rather to a down-
stream step in the pathway. Since secretion itself is normal
(Fig. 5), we investigated whether intracellular transport rates
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FIG. 6. Protein synthesis is reduced in the pancreas of syncollin-
deficient mice. Pancreatic lobules derived from wild-type (white bars)
and knockout (gray bars) mice (four mice per group) were incubated
in medium containing *H-labeled amino acids. At the indicated time
points an aliquot of the lobules was removed, washed, and homoge-
nized. Trichloroacetic acid-precipitable (prec.) radioactivity and DNA
concentration were determined. Protein synthesis is normalized to
DNA content. Values (expressed in arbitrary units [a.u.]) are means
for the four independent experiments; bars indicate the range.

of newly synthesized zymogens are affected, using pulse-chase
experiments. Lobules were pulse labeled for 5 min with radio-
active amino acids, washed, and transferred to unlabeled me-
dium, followed by incubation in either the presence or absence
of the secretagogue carbachol. At different time points, the
amount of labeled protein was determined in the medium and
in the tissue.

Basal secretion of the unstimulated controls was low in both
wild-type and knockout mice (Fig. 7A). However, a significant
difference was observed between wild-type and syncollin-defi-
cient mice when secretion of labeled protein was observed in
the presence of carbachol. In lobules prepared from wild-type
mice, discharge of labeled proteins commenced 30 min after
the pulse. In contrast, secretion of labeled proteins from lob-
ules of syncollin-deficient mice was first measurable 60 min
after the pulse. As expected, the tissue levels of radiolabeled
proteins showed an inverse relationship. After reaching a pla-
teau level, the tissue levels remained unchanged over the en-
tire incubation period in unstimulated control incubations. In
the carbachol-containing incubations, tissue levels started to
decrease after 30 and 60 min in lobules prepared from wild-
type and syncollin-deficient mice, respectively (Fig. 7B). To-
gether these data show that the intracellular transit time of
secretory proteins is significantly prolonged in syncollin-defi-
cient mice.

DISCUSSION

In this study we have analyzed the role of syncollin by cre-
ating syncollin-deficient transgenic mice. Syncollin is not es-
sential for viability. In addition, morphology, protein content,
and release kinetics of the pancreas are not affected by the loss
of the protein. However, syncollin-deficient mice reacted to
caerulein hyperstimulation with a more severe pancreatitis.
Furthermore, we found that the rates of both protein synthesis
and intracellular transport of zymogens were reduced.

Syncollin is a small protein that is tightly associated with the
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FIG. 7. Intracellular transport of proteins is slowed in syncollin-
deficient mice. Pancreatic lobules derived from wild-type (triangle)
and knockout (square) mice (two mice per group) were incubated for
5 min in medium containing *H-labeled amino acids. After a chase to
cold medium containing either no stimulants (open symbols) or 0.5
wM carbachol (filled symbols), aliquots of the medium (A) and the
lobules (B) were removed as indicated, and trichloroacetic acid-pre-
cipitable radioactivity was determined. In panel B, the values were
normalized to the DNA content of the homogenates (see the legend to
Fig. 6). Values are means for the two independent experiments; bars
indicate the range.

luminal side of the zymogen granule membrane (2). In the
membrane, the protein forms homo-oligomers that probably
consist of six monomers (2, 19). Its expression appears to be
largely restricted to the pancreas, where it is expressed at
rather high levels (13). Recently it has been reported that
syncollin mRNA is expressed in epithelial cells of the duodena
of rats and furthermore that the expression levels are increased
in response to feeding and during development (40). However,
we were unable to detect syncollin protein in the duodena of
adult mice. Furthermore, syncollin is conspicuously absent
from other exocrine and protein-secreting endocrine glands,
and no homologous proteins were found in extensive database
searches (unpublished observations).

This unusual expression pattern suggests that the function of
syncollin is specific for the pancreas, and therefore we have
focused our analysis on this organ. Although the precise role of
the protein remains to be elucidated, several conclusions can
be drawn from our findings. First, it is clear that syncollin is not
an essential factor for the basic functioning of the pancreatic
acinar cell under normal conditions. In our comparative anal-
ysis of organs derived from wild-type and knockout mice, we
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are unable to detect differences in sensitivity to secretagogues,
acinar cell morphology at the light-microscopy and ultrastruc-
tural level, content in zymogens and trafficking proteins, and
buoyant density of zymogen granules. These findings show that
the secretory pathway in mutant mice is capable of equipping
the acinar cell with a normal load of fully charged zymogen
granules in the absence of syncollin. Furthermore, we found no
abnormalities in cell polarity or in the capacity of the acinar
cell to undergo exocytosis at normal rates. Second, the signif-
icant reductions in the rates of protein synthesis and intracel-
lular transport reveal a defect in the efficiency of zymogen
synthesis and/or transport and packaging. Despite the normal
morphological and functional parameters, it is thus possible
that under certain physiological conditions these reduced syn-
thesis and transport rates affect the overall performance of the
organ. For instance, it is conceivable that the organ cannot
keep up with zymogen replenishment under extended and
strong stimulatory conditions. Furthermore, the fact that the
organ reacts more severely to caerulein overstimulation may
be related to the decrease in synthesis and transport rates.
Thus, the defect in the secretory pathway can negatively affect
organ function in vivo under certain conditions. Despite recent
progress, the precise sequence of events leading from hyper-
stimulation of the CCK, receptors to the disintegration of
acinar cells is unknown. Supramaximal doses of caerulein in-
duce a sustained increase of intracellular calcium levels and a
block of apical exocytosis. The first steps of autodigestion in-
volve redistribution of cathepsin B from lysosomes to zymogen
granules and trypsin activation, followed by acinar cell necrosis
and tissue inflammation. The enhancement of these symptoms
in syncollin-deficient mice suggests that even mild defects of
the secretory pathway may negatively affect the course and
outcome of acute pancreatitis.

Currently it is not possible to pinpoint the precise molecular
steps that are affected by the lack of syncollin and that give rise
to the deficiencies in protein synthesis and intracellular trans-
port. Thus, it remains to be established which of the reduced
parameters are primarily caused by the lack of syncollin and
which of them are secondary to the primary defect. However,
some educated guesses can be made. For instance, we don’t
believe that syncollin functions directly in protein biosynthesis
as a pancreas-specific accelerator of synthesis rates. Pancreatic
synthesis rates are known to be reduced under a variety of
adverse conditions, such as energy depletion (42) and a block
in secretion or intracellular transport (25, 47). Syncollin is
specifically localized to the lumen of the zymogen granule
membrane (2), whereas it would need to operate in the rough
endoplasmic reticulum if it were involved in controlling protein
synthesis rates. Rather, we regard it as more likely that syn-
collin increases the efficiency of protein maturation and/or
packaging at a later state of the secretory pathway, for instance
during the formation of condensing vacuoles and/or the mat-
uration of secretory granules. It is possible that syncollin forms
a partially redundant functional network with other proteins
(e.g., GP-2 [36] or other granule membrane proteins, such as
ZG16 [23]) that may function in the organization of the gran-
ule interior at various stages of maturation. Since the pancreas
exhibits the highest rates of protein synthesis and processing of
all organs in the body, it may require tissue-specific factors
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such as syncollin in order to achieve such exceptional biosyn-
thetic competence.
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