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Abstract
Background and Aims—Integrin contact with basement membrane is a major determinant of
epithelial cell polarity. β1 integrin heterodimers are the primary receptors for basement membrane
in pancreatic acinar cells, which function to synthesize and directionally secrete digestive enzymes
into a central lumen. Aberrant acinar secretion and exposure of the parenchyma to digestive enzyme
activity leads to organ damage and pancreatitis.

Methods—β1 integrin conditional knockout mice were crossed to Ptf1a-Cre mice to ablate β1
integrin in the pancreas. Histopathology of aged and caerulein-treated mice were assessed by
histology and immunocytochemistry. Directional secretion was determined in vitro by FM1-43
loading with caerulein stimulation.

Results—Pancreas-specific ablation of β1 integrin led to progressive organ degeneration,
associated with focal acinar cell necrosis and ductal metaplasia along with widespread inflammation
and collagen deposition. β1 integrin-null pancreata were highly susceptible to caerulein-induced
acute pancreatitis, displaying an enhanced level of damage with no loss in regeneration. Degenerating
β1-integrin null pancreata were marked by disruption of acinar cell polarity. PKCε, normally
localized apically, was found in the cytoplasm where it can lead to intracellular digestive enzyme
activation. β1 integrin-null acinar cells displayed indiscriminate secretion to all membrane surfaces,
consistent with an observed loss of basolateral membrane localization of Munc18c, which normally
prevents basal secretion of digestive enzymes.

Conclusion—Ablation of β1 integrin induces organ atrophy by disrupting acinar cell polarity and
exposing the pancreatic parenchyma to digestive enzymes.
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Introduction
Pancreatic acinar cells synthesize and secrete digestive enzymes into a central lumen connected
to an intercalated ductal network. If the pancreatic parenchyma is aberrantly exposed to
digestive enzymes, the tissue can be damaged, potentially resulting in acute pancreatitis (AP).
Inappropriate exposure to digestive enzyme activity has been linked to intracellular enzyme
activation, loss of inhibitor interactions and misdirected secretion1. AP is marked by necrotic
cell death, inflammation and fibrosis followed by tissue regeneration. Repeated bouts of AP
can lead to chronic pancreatitis (CP), with persistent inflammation and ductal metaplasia,
which is associated with an increased risk of tumorigenesis2. Because dysregulation of acinar
cell function leads to painful and sometimes lethal diseases, understanding acinar cell
homeostasis is of critical importance.

Acinar cell viability and regeneration are regulated by interaction with the surrounding
basement membrane (BM). The importance of BM in pancreas regeneration was recognized
in a model of necrotizing pancreatitis, in which destruction of 90% of exocrine cells without
disrupting the BM framework allows for complete organ regeneration3. In contrast, partial
pancreatectomy results only in hyperplasia with compensatory organ enlargement4. As with
most epithelial cells, acinar cells contact BM mainly through integrins5, 6, the largest family
of cell-matrix adhesion molecules. Integrin/matrix interactions are important for epithelial cell
polarity, maintenance of tissue integrity and activation of intracellular signaling molecules7,
8.

Integrins are heterodimers of α and β subunits. 18 α and 8 β subunits are known to generate 24
different heterodimers, the largest group being β1-containing integrins. Besides serving a
structural role, β1 integrins integrate environmental cues translating them into intracellular
responses7, including cell differentiation, survival and migration9, 10. In some tissues, β1
integrin is required for appropriate tissue architecture and cell polarity11. β1 integrin is involved
in maintenance of stem cell populations, although its precise role is highly tissue specific. For
instance, ablation of β1 integrin in intestine leads to stem cell expansion12, whereas in
mammary gland it leads to stem cell depletion13, 14. In still other organs, β1 integrin maintains
planar cell polarity of the stem cells15. Effects on cell survival and proliferation are also tissue-
dependent16. A common theme that arises from each of these examples is that β1 integrin is a
major regulator of tissue homeostasis.

Pancreatic acinar cells express α3β1 and α6β1 integrin heterodimers, which act as receptors
for nonfibrillar collagens and laminins5 in the acinar cell BM6. To test the role of β1 integrin
in exocrine pancreas, we generated a pancreas-specific β1 integrin-null mouse. β1 integrin-
null pancreata were consistently smaller, but appeared to develop and function normally. Over
the course of two years, there was a progressive loss of pancreatic mass correlating with the
onset of a pancreatitis-like phenotype. β1 integrin-null pancreata also showed an enhanced
level of tissue damage in a caerulein-induced model of pancreatitis. Concurrent with tissue
degeneration, acini became disorganized with a general mislocalization of luminal structures
and cells detached from the BM. Consistent with the disruption of cellular polarity, β1 integrin-
null acinar cells secreted indiscriminately to all surfaces, resulting in cellular disintegration.

PKCε and Munc18c are two molecules requiring proper cellular localization to constrain acinar
cell exposure to destructive digestive enzyme activity. PKCε mobilizes from the apical
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membrane to cytoplasmic structures upon caerulein stimulation, where it is involved in aberrant
intracellular activation of digestive enzymes17. Munc18c is normally associated with the acinar
cell basal plasma membrane where it binds Syntaxin4, preventing basal secretion of digestive
enzymes18. Upon caerulein stimulation, Munc18c translocates to the cytoplasm, allowing
secretion from the basal surface18. Both PKCε and Munc18c were mislocalized to the
cytoplasm in β1 integrin null pancreata, suggesting that organ degeneration in these mice is
due to inappropriate activation and mislocalized secretion of digestive enzymes into the
pancreatic parenchyma.

Experimental procedures
Mice

Mice were maintained in a C57Bl/6J background. Protocols were approved by the Stony Brook
University Institutional Animal Care and Use Committee.

Genotyping and detection of recombination
Cre-mediated recombination was detected using primers P1-
GCCGCCACAGCTTTCTGCTGTAGG and P3- TGCCGCTCATCCGCCACA yielding an
800 bp PCR product indicating excision of the intervening DNA. Primers P1 and P2
(CTGATCAATCCAATCCAGGAAACC) were used to genotype.

Experimental pancreatitis and tissue processing
Control (saline-injected) and experimental (caerulein-injected) groups consisted of age-
matched (6-7 weeks) mice. Mice were injected intraperitoneally with 7 hourly injections of 50
μg/kg caerulein (Sigma-Aldrich, St. Louis, MO) followed by 1 hour, 24 hours or 1 week of
recovery. Some mice were injected with 100 mg/kg BrdU (Sigma-Aldrich) 24 and 2 hours
prior to sacrifice. Mice were sacrificed and blood collected by cardiac puncture for plasma
preparation. A portion of pancreas was fixed in 10% formalin and paraffin embedded. 5 μm
sections were stained with Masson’s trichrome stain (Sigma-Aldrich) or picrosirius red
(Polysciences, Inc). Another tissue segment was fixed in paraformaldehyde for 3 hours,
equilibrated in 30% sucrose and frozen at -80°C in OCT resin (Sakura Finetek, Torrance, CA).

Immunostaining and LacZ detection
Immunohistochemistry was performed as previously described19. Slides were counterstained
in hematoxylin, dehydrated, mounted and photographed on an Olympus BX41 light
microscope.

Immunofluorescence was performed on 8 μm cryosections. Sections were air-dried, washed
in PBS and fixed 10 min in 4% paraformaldehyde. Slides were blocked 1 hour in 3% BSA/
PBS and incubated with primary antibody (see Supplemental information) or Alexafluor488-
labeled phalloidin. Slides were washed in PBS–Tween-20 and incubated with Alexafluor488
or Alexafluor594–conjugated secondary antibody (Invitrogen) and mounted in Vectashield
containing DAPI (Vector Laboratories). Images were acquired on a Zeiss 510LS Meta confocal
microscope.

LacZ reporter expression was detected on 8 μm frozen sections. Sections were washed in PBS,
fixed in 1% formalin for 1 min and incubated 12-16 hours at 37°C in 40mM phosphate/citrate
buffer (pH 7.5), 2 mM MgCl2, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide,
X-gal (Sigma-Aldrich) at a concentration of 1 mg/ml.
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Primary acinar cells and live cell imaging
Primary acinar cells of 4-7 weeks old mice were prepared by modifying a published
protocol18 (see Supplemental Information). For imaging, cells were incubated in Krebs Ringer
Solution with 2 μM FM1-43 (Invitrogen, Carlsbad, CA) and imaged on a Zeiss LSM510
confocal microscope equipped with heated stage and objective. After obtaining stable
fluorescent signal, caerulein was added to 1 nM.

Amylase activity assay and protein quantitation
Amylase levels were determined using Liquid Amylase Reagent (Pointe Scientific, Canton,
MI). Plasma was diluted 1:800 and tissue lysates 1:4000 to 1:25000 in 200 μl of reagent.
Amylase content was determined according to manufacturer’s instructions, compared to a
standard curve using purified amylase (Sigma-Aldrich).

Protein lysates were prepared by sonication on ice of ~100 mg pancreatic tissue in 50 mM Tris,
0.5% NP-40, 150 mM NaCl with Complete protease inhibitor (Roche, Nutley, NJ). Protein
concentration was measured by BCA kit (Pierce, Rockford, IL).

Statistical Analysis
Minitab software (Minitab, State College, PA) was used for statistical analysis. Group means
were compared by unpaired, 2-tailed, Student’s T-test.

Results
Pancreas-specific β1 integrin ablation

To study the role of β1 integrin in the pancreas we crossed conditional β1 integrin-null
mice20, which carry functional copies of the β1 integrin gene, with exons 2-7 flanked by LoxP
sites (β1-Itgflox/flox), to Ptf1a-Cre mice21. Ptf1a-Cre mice carry a Cre recombinase transgene
homologously recombined into the Ptf1a locus, resulting in Cre expression and recombination
in pancreatic progenitor cells and thus in most adult exocrine and endocrine cells. Cre
recombination excises exons 2-7, juxtaposing a promoterless β-galactosidase reporter gene
with the endogenous β1 integrin promoter, allowing for confirmation of gene deletion at the
cellular level.

Cre recombination in β1Itgflox/flox;Ptf1a-Cre mice was determined by allele-specific PCR (Fig.
1A). LacZ reporter activity in β1-Itgflox/flox;Ptf1a-Cre mice, as determined by X-gal staining,
was found in >95% of acinar, ductal and islet cells (Fig. 1B). β1 integrin protein loss was
confirmed by immunofluorescence (Fig. 1 C&D). β1 integrin ablation in exocrine cells
appeared to be near complete, while surrounding cells expressed robust levels of the protein.

Loss of β1 integrin causes pancreatic degeneration
β1-Itgflox/flox;Ptf1a-Cre mice were born at the expected Mendelian ratio, had a normal lifespan
(~2 years) and were grossly indistinguishable from β1-Itgflox/flox littermates. At the gross organ
level, we observed an obvious and progressive reduction in pancreatic mass in β1-
Itgflox/flox;Ptf1a-Cre mice (Fig 2A). For quantitation, we compared pancreas to body mass
ratios of wild type and β1-Itgflox/flox;Ptf1a-Cre mice. In the four age groups examined (3 weeks,
7-14 weeks, 12 months and 20 months) wild type pancreata were consistently ~1.1% of total
body mass, regardless of age. In β1-Itgflox/flox;Ptf1a-Cre mice, relative pancreatic mass was
smaller (~0.8%) but stable up to 14 weeks of age. Relative pancreatic mass progressively
decreased to 0.25% by 12 months, a relative size that was stable up to 20 months of age (Fig.
2B).
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Histological examination revealed that up to 2 weeks of age, both wild type and β1-
Itgflox/flox;Ptf1a-Cre mice developed a grossly normal exocrine pancreas (Suppl. Fig 1A&B).
Wild type acinar cells, independent of age, had normal structural symmetry with nuclei basally
localized (Suppl Fig. 1A,C&E, Suppl Fig. 2). By 3 weeks, β1-Itgflox/flox;Ptf1a-Cre pancreata
were characterized by the appearance of larger acini, marked by cells with little cytoplasm
centrally-located in acinar structures (Suppl Fig 1D&F, Suppl. Fig. 2). After 3 weeks of age,
the percentage of abnormal acini increased from 1-2% of total to approximately 50% at 3
months and was the predominant type by one year of age.

With increasing age, some properties usually associated with pancreatitis were observed in
β1-Itgflox/flox;Ptf1a-Cre pancreata. Histological signs of acinar cell necrosis and a mild stromal
reaction were common in animals one year of age or older (Suppl. Fig 1F). To quantify necrosis,
we performed HMGB-1 immunohistochemistry. In normal cells, HMGB-1 is nuclear,
associated with chromatin. In necrotic cells, it is transported out of the nucleus and expelled
into the extracellular space, where it acts as an inflammatory cytokine22, 23. We detected ~5
times the number of acinar cells that had lost nuclear and gained cytoplasmic HMGB1 staining
in 4/6 12 month old β1-Itgflox/flox;Ptf1a-Cre mice, compared to wild type, with many necrotic
cells focally localized (Fig 4B). Loss of β1 integrin function in other systems has been shown
to enhance other forms of cell death, including apoptosis and senescence24, which could
contribute to tissue degeneration. However, cleaved caspase-3 immunohistochemistry showed
no apoptosis in β1-Itgflox/flox;Ptf1a-Cre pancreata (data not shown), similar to β1 integrin-null
mammary13 and intestine12. We attempted to quantitate senescence-associated β-galactosidase
activity but LacZ reporter activity from the targeting construct was too prominent at pH 6, as
determined by staining β1-Itgflox/WT;Ptf1a-Cre pancreata.

The stromal reaction evident in aged β1-Itgflox/flox;Ptf1a-Cre mice was composed primarily of
fibroblast specific protein positive, α-smooth muscle actin negative cells (data not shown),
suggesting an immature fibrotic response. Consistent with this, a thin layer of collagen
deposition, determined by picrosirius red staining, was found sporadically in relatively young
β1-Itgflox/flox;Ptf1a-Cre mice (6-12 months), but was widespread in β1-Itgflox/flox;Ptf1a-Cre
mice 20 months of age and older (Fig 3B). Most of the remaining stromal cells were
macrophage with rare neutrophils also present (Fig. 3D). Active acinar cell necrosis in older
β1-Itgflox/flox;Ptf1a-Cre mice (Fig 3A) and macrophage/neutrophil infiltration was suggestive
of AP. However, examination of sections through the entire depth of pancreata older than one
year, we found multiple focal lesions resembling CP, including epithelial metaplasia (Fig 3C),
in 20/24 β Itgflox/flox;Ptf1a-Cre mice, including 9/9 20 month old mice, compared to 0/15 in
wild type age matched controls. Together, our data support a model where β1 integrin ablation
leads to an age dependent pancreatitis-like phenotype.

Caerulein-induced damage is more profound in βItgflox/flox;Ptf1a-Cre mice
Tissue degeneration in β1-Itgflox/flox;Ptf1a-Cre pancreata suggested an abnormally high level
of constant tissue damage, defective tissue regeneration or both. In order to address these
possibilities, we employed a model of caerulein-induced pancreatitis1. Supramaximal doses of
caerulein induce a discharge of acinar enzymes, resulting in tissue damage and a mild,
reversible episode of AP.

Eight week old wild type and β1-Itgflox/flox;Ptf1a-Cre mice received 7 hourly 50 μg/kg
caerulein injections and were sacrificed at 1 hour, 24 hours or 1 week after the last injection.
At 1 hour, wild type pancreata showed a mild AP phenotype (Fig. 4A). In contrast, β1-
Itgflox/flox;Ptf1a-Cre acinar cells showed extensive vacuolization and discharge of membrane-
containing bodies and loss of acinar structure (Fig 4B). At 24 hours, wild type mice had largely
recovered and appeared phenotypically normal (Fig. 4C), but β1-Itgflox/flox;Ptf1a-Cre mice
continued to display large areas of acinar necrosis, little regeneration of acinar tissue and a
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persistence of inflammatory cells (Fig.4D). With one week of recovery, the majority of
pancreata in both genotypes had largely healed (Fig. 4 E & F), but many acini in β1-
Itgflox/flox;Ptf1a-Cre mice showed an enlarged, disorganized architecture and persistent stromal
reaction (Fig. 5F) reminiscent of >1 year old untreated mutant mice (Suppl Fig. 1F).

Plasma amylase activity, a marker of acute pancreatic injury25, was elevated after caerulein
injections, but was higher in β1-Itgflox/flox;Ptf1a-Cre mice compared to wild type (Fig 5A, P
<0.05). To further examine caerulein response, we measured amylase specific activity in tissue
lysates as an indicator of functional exocrine tissue. Interestingly, saline-injected wild type
controls had a 3-fold higher specific activity compared to age-matched, β1-Itgflox/flox;Ptf1a-
Cre control mice (Fig 5B), indicating less zymogen production or storage in β1 integrin-null
pancreata. Relative to untreated mice, amylase activity in wild type pancreata dropped only by
~20% 1 hour post treatment compared to >90% in β1-Itgflox/flox;Ptf1a-Cre lysates. At 24 hours,
amylase activity in both mice recovered to their 1 hr levels and returned to control levels after
1 week, consistent with the degree of recovery seen histologically.

Tissue regeneration can be dependent on maintenance of an adult progenitor population, which
has been shown to be a function of β1 integrin in other organs14, 26. However, recent work
suggests that regeneration of exocrine pancreas is from the division of adult acinar cells27.
With these observations in mind, we tested the regenerative capacity of caerulein-damaged
pancreata by measuring BrdU incorporation in acinar cells as a measure of proliferation. The
percent of BrdU positive acinar cells rose to similar levels starting at 24 hrs after the final
injection in both genotypes and remained high 1 week after treatment (Fig 5C). These data
suggested that β1-Itgflox/flox;Ptf1a-Cre mice were comparable to wild type in their proliferative
response, supporting the hypothesis that enhanced tissue damage was primarily responsible
for the dramatic phenotypic difference between wild type and mutant pancreata after caerulein
treatment.

To test if the enhanced degree of damage was due to an exaggerated sensitivity to caerulein in
β1-Itgflox/flox;Ptf1a-Cre acinar cells, we isolated acinar explants from wild type and β1-
Itgflox/flox;Ptf1a-Cre mice and measured amylase secretion in response to a variety of caerulein
concentrations. β1-Itgflox/flox;Ptf1a-Cre acinar cells showed a peak response at 0.1 nM
caerulein, a concentration 10-fold higher than the optimal concentration for wild type acinar
cell and resulted in approximately 50% less enzyme released. Thus, β1-Itgflox/flox;Ptf1a-Cre
acinar cells did not show increased sensitivity or responsiveness to caerulein. In summary, our
data suggest that β1-Itgflox/flox;Ptf1a-Cre mice are prone to an abnormal degree of pancreatic
damage when stimulated to secrete digestive enzymes.

Acinar polarity is disrupted in β1 integrin-null acini
Since β1 integrin null cells were not inherently more sensitive to caerulein, we hypothesized
that the enhanced damage observed in the mutants was related to the aberrant acini within the
degenerating pancreata (Suppl Fig 1F). To further characterize this phenotype, we performed
co-immunofluorescence for laminin α2 and ZO-1 to demarcate BM and acinar lumen,
respectively. 3 week old mice showed no significant architectural differences between the two
genotypes, but older mice displayed a clearly larger diameter encompassed by BM (Fig. 6A,
Suppl. Fig 3). Differences in diameter in β1-Itgflox/flox;Ptf1a-Cre acini became apparent at 7
weeks of age (data not shown) and this difference was pronounced in mice 1 year or older.
Consistent with tissue histology, β1-Itgflox/flox;Ptf1a-Cre acini frequently showed a number of
nuclei that lost their close apposition with BM, suggesting a disruption of cell-BM contact (Fig
6A, Suppl. Fig. 2).

β1-Itgflox/flox;Ptf1a-Cre pancreata also showed an alteration in acinar organization revealed by
ZO-1 immunofluorescence. While wild type acini showed a lumen closely aligned with the
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geometric center of a given acinus, β1-Itgflox/flox;Ptf1a-Cre acini had multiple ZO-1 -positive
regions dissociated from the acinar center (Fig 6A, Suppl Fig 3), with the average distance
between lumen and acinus geometric center being significantly larger (Suppl Fig. 3 p<0.01).
Consistent with a proper acinar structure, amylase was concentrated mostly apically in young
and old wild type and young β1-Itgflox/flox;Ptf1a-Cre mice (Suppl. Fig. 2A&B). In contrast, in
older β1-Itgflox/flox;Ptf1a-Cre mice, amylase staining was frequently adjacent to BM or
surrounding the centrally-localized cells (Suppl. Fig 2). This aberrant organization suggested
that directional secretion into a defined central lumen may be compromised.

To test if β1-Itgflox/flox;Ptf1a-Cre acinar cells lacked appropriate directional secretion, we
employed time-course fluorescent imaging of living cells loaded with FM1-43, a cell
impermeable dye that fluoresces when membrane-bound. Fusion of exocytic vesicles with
plasma membrane increases the dye-accessible surface, intensifying fluorescent signal at sites
of intracellular membrane fusion28, 29. Isolated acini harvested from 4-7 week old wild type
and β1-Itgflox/flox;Ptf1a-Cre mice were loaded with FM1-43. Stable fluorescence was achieved
within 15 minutes and 1nM caerulein was added to stimulate secretion (Fig. 6B). Over a period
of 45 minutes, wild type acini displayed the expected increase in fluorescent intensity at the
apical surface28. β1-Itgflox/flox;Ptf1a-Cre acini, however, showed intense fluorescence
localized indiscriminately to all membrane surfaces (Fig 6B), accompanied by a dramatic
discharge of membrane bodies, an overall loss of cell integrity and release of intracellular
content (Fig 6B, arrowheads), consistent with the enhanced damage response observed in
vivo.

Disrupted polarity at the structural and secretory levels in β1-Itgflox/flox;Ptf1a-Cre acini,
combined with the pancreatitis-like phenotype in vivo led us to examine PKCε and Munc18c,
whose mislocalization have been associated with pancreatitis induction. PKCε which normally
localizes apically in acinar cells17, translocates to the cytoplasm upon treatment with
supramaximal doses of caerulein, where it is involved in intracellular activation of digestive
enzymes17. Immunofluorescence for PKCε on 12 month old wild type control pancreata
showed the expected colocalization with cortical actin at the luminal surface (Fig 6C). In
contrast, in β1-Itgflox/flox;Ptf1a-Cre acini, PCKε was predominantly localized to the cytoplasm
in a region just proximal to the apical surface, reminiscent of its localization in caerulein-treated
acinar cells in vitro17.

Munc18c, whose basal localization in acinar cells is important for its inhibition of basal
secretion in vitro29, is also translocated to the cytoplasm with supramaximal cerulein. In wild
type pancreata, Munc18c was invariably concentrated at the basolateral membrane (Fig 6D),
colocalizing with E-cadherin (Supp. Fig. 4). In 7/7 β1-Itgflox/flox;Ptf1a-Cre pancreata, between
8-20 months of age, Munc18c was frequently found in the cytoplasm with no apparent
association with the basolateral surface (Fig 6D, Supp. Fig. 4), a localization never observed
in age matched wild type controls. However, many acinar cells in β1-Itgflox/flox;Ptf1a-Cre
pancreata maintained basolateral staining of Munc18c (Suppl. Fig. 4). Altogether, the β1-
Itgflox/flox;Ptf1a-Cre pancreata displayed disrupted acinar cell polarity, including
mislocalization of molecules critical for preventing exposure of the pancreatic parenchyma to
destructive digestive enzyme activity.

Discussion
β1 integrin is known to contribute to cell polarity, multiple signal transduction pathways and
maintenance of stem cells in many tissues. We found that pancreas-specific ablation of β1
integrin leads to progressive organ degeneration, marked by a phenotype similar to pancreatitis.
β1-Itgflox/flox;Ptf1a-Cre acini in older mice were larger, distinguished by acinar cells no longer
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in contact with BM. β1-Itgflox/flox;Ptf1a-Cre acinar explants, when stimulated by caerulein,
did not directionally secrete to the luminal surface and quickly lost cellular integrity.

Surprisingly, apart from age-dependent organ degeneration, the pancreas develops and
functions essentially normally in β1-Itgflox/flox;Ptf1a-Cre mice. Organization of acini in 1-2
week-old mutants was indistinguishable from that in wild type mice. At this age, the only
distinctive feature in β1-Itgflox/flox;Ptf1a-Cre pancreata was a breakdown in the boundary
separating islet and acinar cell compartments (Supp. Fig 5). It was only at 3 weeks of age that
abnormal acinar structures began to appear. Interestingly, β cell viability and production of
insulin in response to glucose have been shown to be β1 integrin dependent in vitro30-32.
However, β1-Itgflox/flox;Ptf1a-Cre mice, which have ablated β1 integrin from most islet cells,
showed no increase in β cell apoptosis, had normal fasting blood glucose levels, weight gain
and lifespan. This dichotomy may be due to functional compensation by other matrix receptors
in pancreatic development that is maintained in adult islets or failure of in vitro systems to fully
recapitulate the in vivo environment. Whichever the case, we conclude that β1 integrin is not
essential for basic pancreatic function or development.

Given the diverse roles of β1 integrin in stem/progenitor cells of other tissues,14, 26, 33 it was
surprising to find no definitive impairment of progenitor cell function in β1-Itgflox/flox;Ptf1a-
Cre mice. The best evidence supporting such a role is the smaller pancreas size found even in
young mutant mice (Fig 2). Adult organ mass has been hypothesized to be dependent on the
number of progenitor cells available during development34, suggesting that the progenitor cell
population may be depleted in β1-Itgflox/flox;Ptf1a-Cre mice. In contrast, we found no
significant impairment in the recovery of β1-Itgflox/flox;Ptf1a-Cre pancreata from caerulein-
induced tissue damage. However, progenitor cells may not be required for this process as acinar
regeneration after caerulein treatment has been shown to be primarily through division of
existing acinar cells27. Notably, examination of β1-Itgflox/flox;Ptf1a-Cre acini by electron
microscopy revealed no obvious differences in number or morphology of centroacinar cells,
the proposed pancreatic progenitor (data not shown).

Pancreatic degeneration in β1-Itgflox/flox;Ptf1a-Cre mice correlated to overall larger acini and
loss of cell/matrix contact by a number of acinar cells. Similar to β1 integrin-null mammary
epithelia14, cells abandoned in the acinar center did not appear to undergo anoikis and thus are
unlikely to be a major contributor to overall tissue atrophy. We propose that intracellular
activation and basolateral secretion of digestive enzymes are the primary causes of the
degenerative phenotype, although these cells lacking a defined basal surface are likely to
contribute to and be victims of aberrant enzyme activity. It is tempting to suggest that β1
integrin has a direct role in organizing molecules that control enzyme activation and secretion,
but most evidence contradicts this possibility. β1 integrin itself is localized basolaterally in
acinar cells (Fig 1), inconsistent with a direct role in maintaining apical PKCε. While Munc18c
is normally located basolaterally, β1-Itgflox/flox;Ptf1a-Cre pancreata have virtually no acinar
β1 integrin. The presence of some basolateral Munc18c makes a direct role for β1 integrin in
Munc18c localization unlikely. Interestingly, Munc18c translocation to the cytoplasm has been
shown to be dependent on PKCα phosphorylation29, which directly interacts with β1
integrin35. When examined by immunofluorescence, we found a consistent loss of PKCα at
the lateral, but not basal, acinar cell membrane compared to wild type pancreata, where it was
associated with all surfaces (data not shown). Whether this change in PKCα localization is
responsible for Munc18c translocation is unknown. We propose instead that the loss of β1
integrin causes a more global distortion of acinar cell polarity, affecting the localization of
these molecules, among others. Attempts to visualize other structural polarity proteins, such
as Par3 and Par6, reflected what we observed with ZO-1: an organized localization to an
aberrantly-positioned apical surface, suggesting that the signals that establish polarity are
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intact, but polarity is corrupted sufficiently to lead to inappropriate exposure of the parenchyma
to destructive enzymes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. β1 integrin in β1-Itgflox/flox;Ptf1a-Cre pancreata
(A) Allele-specific primers give a recombination-dependent 800 bp product in pancreas (lane
2), but not tail DNA (lane 1) of a β1-Itg flox/flox;Ptf1a-cre mouse. (B) X-gal staining confirms
recombination-dependent expression of LacZ reporter in acinar cells of β1Itg flox/flox;Ptf1a-
Cre pancreata. Scale bar = 40 μm. (C&D) Immunofluorescence for β1 integrin (red) showing
basolateral staining of acinar cells in wild type pancreas (C), but not in β1-Itg flox/flox;Ptf1a-
Cre pancreas (D). Interstitial cells surrounding acini show immunoreactivity regardless of
genotype. Scale bar = 20 μm. DAPI shown in blue.
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Figure 2. β1-Itgflox/flox;Ptf1a-Cre pancreata degenerate with age
(A) Gross phenotype of 1 year-old wild type and β1-Itg flox/flox;Ptf1a-Cre pancreata. (B)
Pancreas/body mass ratio in β1-Itg flox/flox;Ptf1a-Cre mice at 3 weeks (n=7, each group) and
7-14 weeks of age (n=4, each group) was ~70% that of wild type mice. By 12 months, relative
pancreatic mass in β1-Itg flox/flox;Ptf1a-Cre mice decreased to ~25% of control (P<0.05, n=9
for wild type, n=15 for β1-null), which remains stable at 20 months (n=9, each group.
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Figure 3. β1-Itgflox/flox;Ptf1a-Cre pancreas degeneration
(A) HMGB1 staining shows nuclear localization in acinar cells of 1.3 year old wild type
pancreata. Age-matched β1-Itg flox/flox;Ptf1a-Cre pancreata consistently show areas of loss of
nuclear and gain of cytoplasmic HMGB-1 staining, indicating necrosis (n=6, each group).
Graph shows quantitation of acinar cells with cytoplasmic HMGB1 per 40x field indicates ~5
times the number of necrotic cells in β1-Itg flox/flox;Ptf1a-Cre compared to controls (P<0.05).
(Averages of 3 mice/genotype, 10 random 40X fields/mouse; error bars ± SEM). Scale bar =
50 μm) (B) Picrosirius red stain showing increasing collagen deposition specifically in β1-
Itg flox/flox;Ptf1a-Cre pancreata. Scale bar = 50 μm (C) Focal regions resembling CP, including
inflammatory infiltrates, fibrosis and acinar-to-ductal metaplasia found exclusively in β1-

Bombardelli et al. Page 14

Gastroenterology. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Itg flox/flox;Ptf1a-Cre mice older than 1 year. Scale bar = 100 μm. (D) Immunohistochemistry
showing macrophage and neutrophil infiltration found in 12 month old β1-Itg flox/flox;Ptf1a-
Cre pancreas. Scale bar =100 μm
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Figure 4. Enhanced caerulein-induced damage in β1-Itgflox/flox;Ptf1a-Cre pancreata
10 week old mice were injected hourly with 50 μg/kg caerulein for 7 hours and sacrificed 1
hour (A,B), 24 hours (C,D) and 1 week (E,F) after the final injection. Masson’s trichrome
stained sections from β1-Itgflox/flox;Ptf1a-Cre pancreata with one hour recovery (B) indicated
extensive vacuolization and loss of membrane integrity compared to wild type controls (A).
Wild type pancreata recovered after 24 hours (C), while β1-Itg flox/flox;Ptf1a-Cre pancreata
showed poor tissue integrity and persistence of inflammatory cells (D). 1 week after injection
both wild type (E) and β1-Itg flox/flox;Ptf1a-Cre (F) pancreata had largely recovered but with
aberrant acini commonly present in caerulein-treated β1-null pancreata. Arrows indicate
centrally localized nuclei (F, inset). (Scale bar main picture= 40μm; inset= 80μm).
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Figure 5. Caerulein response in β1-Itgflox/flox;Ptf1a-Cre mice
(A) Plasma amylase levels from caerulein-treated mice 1 hour after recovery. Normalized to
saline-injected controls, the relative increase after caerulein treatment in β1-Itg flox/flox;Ptf1a-
Cre mice (grey bars) was >2 fold greater than wild type (black bars). Averages of 3 or more
mice/group; error bars ± SEM. (B) Wild type pancreatic lysates did not show significant
changes in tissue amylase after caerulein injection. β1-Itgflox/flox;Ptf1a-Cre (grey bars) saline-
injected controls had significantly less tissue amylase activity than wild type. Normalized to
saline-injected controls, β1-Itgflox/flox;Ptf1a-Cre pancreatic lysates showed a decrease
(P<0.05) at 1 and 24 hours post-treatment. (C) Acinar cell proliferation was measured by
immunohistochemistry for BrdU incorporation. Relative incorporation was similar at 1 hr, 24
hrs and 1 week after caerulein treatment in wild type and β1-Itg flox/flox;Ptf1a-Cre mice. Each
bar represents blind counts of BrdU positive nuclei divided by total acinar cells from of 3
randomly selected 40X fields from each of 5 slides/mouse, 3 mice/time point and treatment
condition. Error bars ± SEM. (D) Primary acinar cell explants were treated with caerulein at
various concentrations. Conditioned media and lysates were collected after 30 minutes and
amylase activity determined. Media amylase relative to total amylase is depicted. Maximal
amylase levels were found at 10 pM (wild type) and 100 pM (β1-null) caerulein. (Averages
from triplicate assays for 3 or more mice; error bars ± SEM).
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Figure 6. β1-Itgflox/flox;Ptf1a-Cre acini display defective cell polarity
(A) 12 month old wild type and β1-Itgflox/flox;Ptf1a-Cre pancreata were stained for laminin α2
(red) and ZO-1 (green) to highlight BM and lumen, respectively. DAPI in blue. (B) Isolated
wild type and β1-Itgflox/flox;Ptf1a-Cre acini were loaded with FM1-43 fluorescent dye and
monitored by live cell fluorescent imaging. When fluorescence stabilized, 1nM caerulein was
added. Shown is an intensity map pseudocolor (Zeiss LSM Image Examiner software). At time
0, fluorescent signal in wild type and β1-Itgflox/flox;Ptf1a-Cre acini were comparable. After 45
min, wild type acini showed increased apical fluorescence (white arrow). β1-Itgflox/flox;Ptf1a-
Cre acini showed increased fluorescence at all cell surfaces (red arrows), displayed a discharge
of membrane bodies, loss of cell integrity and release of intracellular content (white
arrowheads). Numbers identify cells; unnumbered fluorescent bodies are membrane fragments
not filtered out during preparation. Scale bar = 20 μm. Data are representative of 3 mice/
genotype, 6-7 weeks of age. (C,D) 12 month old wild type and β1-Itgflox/flox;Ptf1a-Cre
pancreata were co-stained for F-actin with phalloidin (green) and either PKCε(C, red) or
Munc-18c (D, red) and DAPI (blue). Arrows in (C) indicate subluminal staining of PKCε in
β1-Itgflox/flox;Ptf1a-Cre acinar cells.
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