
Mouse Pancreas Tissue Slice Culture Facilitates Long-
Term Studies of Exocrine and Endocrine Cell Physiology
in situ
Anja Marciniak1,2, Claudia Selck1,2, Betty Friedrich1,2, Stephan Speier1,2*

1 CRTD - DFG Research Center for Regenerative Therapies Dresden, Technische Universität Dresden, Dresden, Germany, 2 Paul Langerhans Institute Dresden, German

Center for Diabetes Research (DZD), Dresden, Germany

Abstract

Studies on pancreatic cell physiology rely on the investigation of exocrine and endocrine cells in vitro. Particularly, in the
case of the exocrine tissue these studies have suffered from a reduced functional viability of acinar cells in culture. As a
result not only investigations on dispersed acinar cells and isolated acini were limited in their potential, but also prolonged
studies on pancreatic exocrine and endocrine cells in an intact pancreatic tissue environment were unfeasible. To overcome
these limitations, we aimed to establish a pancreas tissue slice culture platform to allow long-term studies on exocrine and
endocrine cells in the intact pancreatic environment. Mouse pancreas tissue slice morphology was assessed to determine
optimal long-term culture settings for intact pancreatic tissue. Utilizing optimized culture conditions, cell specificity and
function of exocrine acinar cells and endocrine beta cells were characterized over a culture period of 7 days. We found
pancreas tissue slices cultured under optimized conditions to have intact tissue specific morphology for the entire culture
period. Amylase positive intact acini were present at all time points of culture and acinar cells displayed a typical strong cell
polarity. Amylase release from pancreas tissue slices decreased during culture, but maintained the characteristic bell-shaped
dose-response curve to increasing caerulein concentrations and a ca. 4-fold maximal over basal release. Additionally,
endocrine beta cell viability and function was well preserved until the end of the observation period. Our results show that
the tissue slice culture platform provides unprecedented maintenance of pancreatic tissue specific morphology and
function over a culture period for at least 4 days and in part even up to 1 week. This analytical advancement now allows mid
-to long-term studies on the cell biology of pancreatic disorder pathogenesis and therapy in an intact surrounding in situ.
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Introduction

Malfunction of the exocrine or endocrine pancreas can lead to a

number of devastating and life threatening diseases like pancre-

atitis, pancreatic cancer or diabetes mellitus. For a better

understanding of the pathogenesis of these disorders detailed

studies of pancreas function at a cellular level are indispensable

and constitute a crucial step for the discovery of new treatment

approaches. Type and characteristics of the cell preparations used

in these studies determine which physiological and pathophysio-

logical states can be simulated and which conclusions can be made

for in vivo organ function. Most commonly primary exocrine acinar

cells and endocrine beta cells are obtained as dispersed cells by

enzymatic digestion of pancreatic tissue followed by exposure to

chelating agents [1]. However, in the pancreas acinar cells and

beta cells are organized in tissue specific structures, the acinus and

the islet of Langerhans, respectively. Correct performance of both

cell types has been shown to depend on cell to cell contacts

established in these functional units [2,3]. Thus, isolated acini and

islets of Langerhans have been the preparation of choice when

aiming to study pancreatic exocrine and endocrine cell biology in

a close to physiological setting in vitro.

Islets of Langerhans can be easily isolated by subjecting the

pancreas to collagenase digestion and mechanical shearing.

Subsequently, islets can be maintained in culture for more than

a week. However, it has been shown that the enzymatic isolation

procedure causes fundamental structural changes and induces up-

regulation of stress genes, a strong inflammatory response as well

as increased production of reactive oxygen species and apoptosis

[4,5,6,7,8]. Primary acini can be similarly isolated and examined

in vitro. But also acini are sensitive to the enzymatic isolation

procedure and have been reported to respond with stress-activated

protein kinase activation, upregulation of cytokines and increased

heat shock protein expression, resulting in functional changes

[9,10]. Additionally, freshly prepared acini degenerate and lose

their native secretion characteristics within hours in culture [11].

Various attempts have aimed to prolong the experimental time

period to study primary acinar cells in vitro. These approaches were

able to prolong survival time of dispersed acinar cells in culture to

several days, but could not maintain acini structure and function
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for more than 24 hours [11]. This lack of an acini preparation that

is both responsive to a secretagogue and viable in long-term

culture has been a major limitation for the study of disorders

related to the exocrine pancreas [12,13].

Acutely prepared mouse and rat pancreas tissue slices have been

proven to be a valuable platform to study islet cell function in situ

[14,15,16,17]. In comparison to isolated acini and islets tissue

slices feature several advantages including: 1) a short preparation

time, 2) the lack of any added enzymatic disturbances, and 3) the

preserved morphology of the pancreas. These characteristics of

tissue slices enabled studying pancreatic islet cell biology under

close to physiological conditions in a conserved environment and

facilitated novel studies on mechanisms in health and disease

[14,15,18,19,20]. In addition, pancreas tissue slices are most

suitable for the investigation of acinar cell function, not only in

intact individual acini, but in acini situated within the maintained

lobular tissue structure of the pancreas. However, adult pancreas

tissue slices experience loss of cell function and degeneration of

cells within short time. We here developed a pancreas tissue slice

culture platform which facilitates prolonged survival and function

of the exocrine tissue while preserving the function of the

endocrine component. We found that in optimized organotypic

culture conditions pancreas tissue slices preserved tissue specific

exocrine and endocrine morphology and function for 4 days and

to a slightly lesser degree even up to 7 days. Therefore, this

platform for the first time allows detailed long-term studies of cell

physiology of pancreatic acini and islets within the intact

pancreatic tissue in situ.

Materials and Methods

Preparation and organotypic culture of pancreas tissue
slices

All animal experiments were conducted in a licensed animal

facility in accordance with the German Animal Welfare Act,

following the guidelines of the European Convention for the

Protection of Vertebrate Animals Used for Experimental and

Other Scientific Purposes and approved by the Committee on the

Ethics of Animal Experiments of the State Directory of Saxony

(24-916 8.21-1/2 009- 20 and 24-9168.24-1/2012-21).

Pancreas tissue slices from 8 – 16 weeks old C57Bl/6J and

mouse insulin I promoter - green fluorescent protein (MIP-GFP)

mice [21] of either sex were prepared as described previously [16].

Briefly, 1.25% low-melting point agarose in extracellular solution

(ECS) consisting of (mmol/L): 140 NaCl, 5 KCl, 2 NaHCO3, 1

NaH2PO4, 1.2 MgCl2, 1.5 CaCl2, 3 glucose and 10 HEPES

(pH 7.4 with NaOH) at 37uC was injected into the distally

clamped bile duct. The injected pancreas tissue was cooled with

ice-cold ECS and extracted. Small blocks of tissue (0.5 – 1.0 cm3

in size) were excised and embedded in agarose. Individual cubes of

agarose containing the injected pancreas tissue were cut at

0.10 mm sec21 and 70 Hz into 150 mm-thick slices using a

vibratome (VT 1200, Leica, Germany). Preferentially tissue slices

containing uncut intact islets were used for experiments. During

and after slicing the tissue was kept in ice-cold ECS and used on

the same day or placed on cell culture inserts (semipermeable

membranes, pore size 0.4 mm, diameter 30 mm, Millipore,

Ireland) for organotypic culture. In optimized conditions culture

insert membranes were coated with a collagen gel mixture

consisting of 3 mg/ml rat tail collagen type I, 1x phosphate

buffered saline and 0.025 N NaOH. The standard medium

consisted of RPMI-1640 with 5.5 mmol/L glucose, 10% fetal

bovine serum, 20 mmol/L HEPES, and penicillin (100 U/ml)/

streptavidin (100 mg/ml). The optimized medium was composed

of Waymouth‘s MB 752/1 medium with 11 mmol/L glucose, 1%

FBS, 0.1 mg/ml soybean trypsin inhibitor, 1 mg/ml dexametha-

sone, and penicillin (100 U/ml)/streptavidin (100 mg/ml). Cell

culture inserts with slices were kept in 6 well plates filled with

1.1 ml of medium under a humidified atmosphere consisting of

95% air and 5% CO2 at 37uC. Culture at the air-medium

interface was performed for at least 7 days and medium changed

every 2 days. Cell viability was assessed using the dead cell marker

Draq7 (Biostatus, UK) feasible for long-term culture. The dye was

newly applied with every change of medium in a concentration of

3 mM.

Stereomicroscopy and area measure
The morphology and surface area of slices in culture were

monitored longitudinally using stereomicrography (SteREO Dis-

covery.V12, Zeiss, Germany). Slice area was quantified manually

in ImageJ by encircling the tissue borders.

Immunohistochemistry
Immunohistochemistry was performed on freshly prepared

slices after preparation and on cultured slices which had been

detached from the culture insert membranes by mild shaking in

ECS. Slices were fixed for 2 hours with 4% paraformaldehyde in

PBS (pH 7.4) at 4uC C to stain against alpha-amylase or with a 7:3

methanol-acetone mixture at 220uC for anti-cytokeratin 19

(CK19) staining, and washed with 0.3% Triton-X100 in PBS at

room temperature. Unspecific binding was blocked using 10%

goat serum and 0.3% Triton-X100 in PBS for 1 hour at room

temperature. Subsequently, slices were incubated with the primary

antibody (50 mg/ml rabbit anti-alpha-amylase, Sigma, USA or

6 mg/ml rat anti-CK19, DSHB, USA) diluted with 1% goat serum

and Triton-X100 in PBS for 16 hours at 4uC. After washing,

incubation with the secondary antibody (20 mg/ml Alexa FluorH
633 goat anti-rabbit IgG or 20 mg/ml Alexa FluorH 633 goat anti-

rat IgG, Molecular Probes, USA) followed for 2 hours at room

temperature. DAPI (2.5 mg/ml, Sigma, USA) was applied with the

secondary antibody to label nuclei. All incubation and washing

steps were performed while shaking. Finally, slices were mounted

using a Mowiol-based medium and examined by laser scanning

confocal microscopy.

Assessment of amylase and insulin secretion of pancreas
tissue slices

Freshly prepared slices and cultured slices, which had been

detached from the culture insert membranes by mild shaking in

ECS, were rested for at least 2 hours in an incubation buffer

consisting of ECS supplemented with 1 mg/ml bovine serum

albumin, 0.1 mg/ml soybean trypsin inhibitor and 2 mmol/L L-

glutamine. Basal and caerulein-induced amylase release of acute

and cultured slices was determined by incubation in 500 ml

incubation buffer without (basal secretion) or with the indicated

concentrations of caerulein for 30 min at 37uC. Afterwards the

supernatant was removed and slices were exposed to 500 ml of

incubation buffer containing 3% Triton-X-100 for the assessment

of slice amylase content. Supernatant and slice amylase content

was measured with Liquid Amylase (CNPG3) Reagent Set (Pointe

Scientific, USA). Basal and stimulated amylase secretion was

expressed as percentage of total amylase content.

For measurement of glucose-stimulated insulin secretion acute

and cultured slices were subsequently exposed to 500 ml incuba-

tion buffer containing low glucose (3 mmol/L), and high glucose

(16.7 mmol/L) for 30 min at 37uC. Slice insulin content was

extracted using acid ethanol (1.5% HCl, 70% ethanol) for
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16 hours at 220uC. Insulin secreted in the supernatant and total

insulin was determined by ultrasensitive mouse insulin enzyme-

linked immunosorbent (ELISA) assay (Crystal Chem Inc, USA).

Insulin release was expressed as percentage of total insulin content

and the stimulation index calculated by dividing the insulin

secreted upon stimulation by the insulin secreted in resting

conditions.

Confocal microscopy
Imaging was performed on a LSM 780 NLO (Zeiss, Germany)

upright confocal microscope using a Plan-Apochromat 20x/1.0

water immersion objective. Fluorescence of MIP-GFP was excited

at a wavelength of 488 nm and emission detected in the range of

500 2 600 nm. Alexa FluorH 633 and Draq7 were excited at

633 nm and emission detected in the range of 650 2 750 nm.

Backscattered laser light of 405 nm for morphological assessment

was detected between 400 and 410 nm. The pinhole was adjusted

to match the size of one airy unit. To obtain three-dimensional

data image stacks with 2 mm step size were acquired. Islets of

Langerhans and areas of exocrine tissue in pancreas slices were

imaged longitudinally while kept on culture insert membrane and

covered with PBS to allow immersion of the objective. Volume

and cell number analysis was performed using Imaris v7.4.1

(Bitplane, Switzerland).

Changes in free intracellular calcium (Ca2+i) in acinar cells was

monitored using the calcium indicator dye Oregon Green 488

BAPTA-1 AM calcium (OGB-1, Invitrogen, USA). Dye loading

was performed as previously described [20]. In brief, slices were

loaded in incubation buffer containing 6 mM OGB-1, 0.03%

Pluronic F-127 (w/v), and 0.12% dimethylsulphoxide (v/v) for 1

hour at room temperature while shaking. After loading and before

stimulation, the slices were stored in the incubation buffer for up to

6 hours at room temperature. OGB-1 was excited at 488 nm and

emission detected in the range of 500 2 600 nm. The pinhole was

adjusted to an optical section thickness of about 16 mm and images

acquired every 2 s. Individual slices were stimulated using a

temperature-controlled bath chamber (37uC, Warner Instruments,

USA) and continuously perfused with 1.5 ml min21 ECS

containing indicated caerulein concentrations. Slices were held

in place by slice anchors (Warner Instruments, USA).

Statistical analysis
Data are presented as means 6 SD. Slices used for analysis (n-

number) were prepared from at least 3 different mice per

experimental group. Statistical analysis of the data was performed

using SPSS v21 (IBM, USA). Experimental groups were compared

using a repeated or mixed measures ANOVA with p,0.05

considered as statistically significant (p,0.05 = *; p,0.01 = ** and

p,0.005 = ***).

Results

Long-term preservation of slice morphology and surface
area

Tissue slices from adult mouse pancreas were cultured using an

interface-membrane technique. Under conditions referred to as

standard, freshly prepared pancreas slices of 150 mm thickness

were placed on uncoated semipermeable membranes and cultured

at the air-liquid interface employing a medium commonly used for

the culture of isolated islets of Langerhans. Gross slice morphology

and surface area were monitored using stereomicrography (Fig. 1A

and B). On the day of preparation tissue slices displayed well-

preserved pancreas morphology with lobular structures of exocrine

cells containing pancreatic ducts and scattered islets. However,

over a culture period of 7 days tissue slice area significantly

decreased to 60.5613.6% on day 4 and 33.8614.6% on day 7,

when compared to the initial surface area measured on day 0 (Fig.

1A). Morphology changed dramatically during this time period

displaying loss and shrinkage of tissue, and disappearance of the

typical pancreatic lobular structure (Fig. 1B). With the aim to

prolong the culture period for intact pancreatic tissue, preservation

of slice area and morphology were used to evaluate more than 50

culture conditions differing in basic culture medium, medium

supplementation, serum concentration and substrate coating of the

membrane (see Table S1 in the supporting information). However,

the majority of conditions applied did not result in any obvious

enhancement of slice area or morphology during long-term culture

(data not shown).

Significant improvement of tissue preservation was achieved

utilizing culture conditions based on an experimental setup

employed for pancreas explant culture by Esni et al [22].

Therefore, semipermeable membranes were coated with rat tail

collagen type I and a culture medium composed of Waymouth‘s

MB 752/1 medium, soybean trypsin inhibitor, dexamethasone

and penicillin/streptavidin was applied. In comparison to the

previously reported media composition the formulation was

adjusted to also allow maintenance of morphology and function

of the endocrine component. The glucose concentration was

lowered to 11 mmol/L to avoid effects of glucotoxicity and serum

content was reduced to 1%, thereby prolonging islet cell viability

(data no shown). These optimized culture conditions maintained

slice morphology as well as surface area significantly better than

standard conditions. Gross morphology of the tissue was well

preserved even after 7 days of culture, displaying a conserved

pancreatic lobular structure (Fig. 1B). Furthermore, residual tissue

slice area on culture day 4 and 7 was significantly larger compared

to standard conditions with 88.565.3% and 80.266.2% of initial

slice area, respectively (Fig. 1A and B). This difference in

conserved tissue slice area was due to an improved cell survival

under optimized culture conditions. In freshly prepared tissue

slices the number of dead cells per mm3 exocrine tissue was low

with no significant difference between standard or optimized

culture conditions (26.369.0 and 18.266.0 cells/mm3; Fig 1C).

Whereas under optimized conditions the number of dead cells

remained stable during culture (16.067.3 and 21.865.1 cells/

mm3 on culture day 4 and day 7, respectively), the number of dead

cells under standard conditions was significantly increased already

at day 4 and further increased on day 7 of culture (34.7.0612.6

and 139.7627.8 cells/mm3 on culture day 4 and day 7,

respectively, Fig. 1C).

Amylase expression in pancreas exocrine tissue cells
during long-term culture

For a more detailed assessment of exocrine tissue preservation

acute slices and tissue slices cultured in optimized conditions were

investigated by immunohistochemical staining for alpha-amylase

expression. In freshly prepared pancreas slices lobules displayed a

compact arrangement of amylase positive acini (Fig. 2A).

Quantification revealed 73.767.6% of the lobule area positive

for alpha-amylase staining at day 0 (Fig. 2B). During prolonged

culture acini density decreased and lobules showed increasing

amounts of amylase negative tissue (Fig. 2A). This was reflected by

a gradual loss of amylase positive slice area until day 4

(63.9610.5%) followed by a more prominent decrease until day

7 (37.167.9%). Notably, even on culture day 7 many amylase

positive acini were detected within pancreas lobules (Fig. 2B).

Pancreas Tissue Slice Culture
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Figure 1. Preservation of pancreas tissue slice morphology
under optimized organotypic culture conditions. (A) Panels show
representative images of pancreas slices immediately after preparation
and cultured for 7 days under standard and optimized conditions. Slices
cultured in standard conditions exhibit dramatic changes of pancreas
morphology whereas slices cultured in optimized conditions preserve
the typical lobular structure of dense pancreatic tissue. Scale bars =
2 mm. (B) Pancreas tissue slice area was maintained significantly better
after 4 (88.565.3% vs. 59.6619.2%) and 7 (80.266.2% vs. 33.1615.7%)
days when cultured under optimized conditions in comparison to
standard conditions. Slice area values are expressed as percent of the
area on the day of preparation and represent mean 6 SD of n = 12 slices
for optimized and n = 64 for standard conditions. (C) Quantification of
Draq7 nuclei (dead cells) within exocrine tissue in freshly prepared
pancreas tissue slices and during culture in standard and optimized
conditions. Exocrine tissue volume was determined by backscatter LSM.
Values are expressed as mean 6 SD Draq7 labeled nuclei per mm3

exocrine tissue volume (n = 24 for optimized and n = 9 for standard
conditions).
doi:10.1371/journal.pone.0078706.g001

Figure 2. Effect of long-term pancreas tissue slice culture under
optimized conditions on exocrine tissue morphology and
amylase expression. (A) Immunohistochemistry for amylase (red)
and DAPI (blue) in lobules of freshly prepared and under optimized
conditions cultured pancreas tissue slices. Labeling revealed dense
localization of amylase positive acini at day 0, occupying most of the
pancreas lobule area (73.767.6%). Amylase labeled acini density and
amylase positive area of lobules decreases, however, amylase positive
acini are still present at day 4 and 7 of tissue slice culture, (63.9610.5%
and 37.167.9%; at day 4 and 7, respectively). Scale bars = 50 mm. (B)
Amylase positive lobule area in fresh and under optimized conditions
cultured pancreas tissue slices at indicated time points. Values
represent mean 6 SD of 16 lobules in 8 slices per time point (n = 16).
doi:10.1371/journal.pone.0078706.g002
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Long-term preservation of exocrine cell morphology and
specificity

Exocrine cell morphology and specificity in cultured slices was

further evaluated by assessing preservation of the typical highly

polarized acinar cell phenotype. Therefore, the distribution of

alpha-amylase in individual acini was investigated using high

resolution laser scanning microscopy of amylase stained acini

within slices (Fig. 3A). On the day of preparation acinar cells

demonstrated a clearly divided staining pattern with amylase

labeling being more intense at the apical plasma membrane and

less prominent at the basolateral cell pole. This distinctive pattern

of alpha-amylase expression was observed in almost all amylase

positive acini throughout the entire culture period.

Additionally, acinar cell specificity was verified at high

resolution with differential interference contrast (DIC) microscopy

(Fig. 3B). Like amylase staining, DIC microscopy of acini in tissue

slices revealed cell polarity with granules located at the apical pole

and a more transparent basal pole of the cells. This polarity could

be observed in acini of acute tissue slices and in slices cultured for 4

and 7 days. Furthermore, slices were stained for the ductal cell

marker CK19 to assess a possible transdifferentiation of acinar to

ductal cells in culture. Surprisingly, a fine filamentous staining

could be observed already in acinar cells of freshly prepared slices,

which was not detectable in cryosections of pancreas. This

filamentous staining was increased in intensity and density at

culture day 4 and 7 throughout most acini of the tissue slices (data

not shown).

Long-term maintenance of exocrine secretory function
Cell function of acinar cells in pancreas tissue slices was

evaluated on the level of secretagogue-induced amylase release

and changes in Ca2+
i (Fig. 4A and B). First, amylase secretion from

pancreas tissue slices was measured at basal conditions without

stimulation and after incubation with caerulein, a known

secretagogue of amylase release, in concentrations of 0.01, 0.1, 1

and 10 nmol/L. On the day of preparation, tissue slices

demonstrated a basal amylase release of 4.160.7% of total

amylase content. Stimulation with rising concentrations of

caerulein resulted in a typical bell-shaped curve (Fig. 4A). Maximal

amylase release of 14.961.5% (ca. 4-fold of basal secretion) was

measured after challenge with 0.1 nmol/L caerulein. A further

increase in the caerulein concentration to 10 nmol/L resulted in

supramaximal inhibition of amylase release to 8.861.6%. No

increase in basal amylase secretion indicating acinar cell leakage

was observed from pancreas slices cultured for 4 or 7 days. In

contrast, the amount of amylase secreted under basal conditions

decreased to 2.360.4% of total amylase content at day 4 and

1.260.3% at day 7. Accordingly, also the percentage of stimulated

amylase release decreased in cultured slices. Maximal amylase

release from tissue slices on day 4 and 7 was 8.561.1% and

5.461.4%, respectively, when stimulated with 0.1 nmol/L caer-

ulein. Importantly, although the fraction of total amylase content

secreted under basal and stimulatory conditions after four and

seven days of culture decreased, amylase release sustained a bell-

shaped curve response to increasing concentrations of caerulein

Figure 3. Cellular specificity and morphology of exocrine cells
in long-term culture of pancreas tissue slices. (A) Cellular
localization of amylase labeling in acini of tissue slices after preparation
and on day 4 and 7 of optimized long-term culture. Immunohisto-
chemistry showed polarized localization of amylase labeling at the
apical acinar cell pole at all time points. (B) Differential interference
contrast (DIC) microscopy of acini in tissue slices at identical time points
as in (A). DIC microscopy revealed the presence of zymogen granules at
the apical pole and a transparent basal pole of acinar cells in acini of
pancreas slices right after preparation and at day 4 and 7 of tissue slice
culture. Scale bars = 10 mm.
doi:10.1371/journal.pone.0078706.g003

Figure 4. Acinar cell function during long-term culture of
pancreas tissue slices. (A) Amylase release from freshly prepared and
cultured pancreas tissue slices after 30 min stimulation with indicated
caerulein concentrations. The relative amount of released amylase
decreases with culture time. However, amylase release shows a typical
bell-shaped curve response to increasing caerulein concentrations at all
time points. Amylase release is expressed as percent of total amylase as
mean 6 SD of 16 slices per time point (n = 16). (B) Traces of Ca2+

i/
Oregon Green BAPTA-1 fluorescence in acinar cells of pancreas tissue
slices at indicated time points after preparation. Stimulation with
10 pmol/L caerulein induced oscillations of Ca2+

i/Oregon Green BAPTA-
1 fluorescence in acinar cells of slices at all time points. Traces are
shown as fluorescence ratio (F/F0), in which F is fluorescence at any
given time and F0 is pre-stimulatory fluorescence.
doi:10.1371/journal.pone.0078706.g004
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and stimulated maximal release was ca. 4-fold basal secretion at all

time points.

To address exocrine function at a cellular level changes in Ca2+
i

after stimulation were investigated. Acute and cultured pancreas

slices were loaded with a calcium sensitive indicator dye and

changes in fluorescence intensity after stimulation determined by

laser scanning microscopy. After application of 10 pmol/L

caerulein similar oscillatory changes of Ca2+
i could be observed

in acinar cells in acute slices and at day 4 and 7 after preparation

in cultured slices (Fig. 4B and Video S1-S3 in the supporting

information). Though, especially by day 7 the number of labeled

but unresponsive acini had increased. Imaging at lower resolution

enabled the simultaneous observation of larger areas within

pancreatic lobules showing widespread activity of acini after

stimulation (Video S1-S3 in the supporting information). In

contrast, supramaximal inhibitory concentrations (10 nmol/L) of

caerulein caused a global and prolonged Ca2+
i increase at all time

points (Data not shown). The preservation of these characteristic

calcium responses of acinar cells to maximal and supramaximal

stimulation with caerulein, illustrates a conserved acinar cell

function in acute and cultured tissue slices.

Long-term preservation of islet cell viability and function
To assess if our culture conditions would allow simultaneous

investigations of the exocrine and endocrine pancreas we

evaluated viability and function of the islets of Langerhans during

the culture period of 7 days. Beta-cell specificity and islet

morphology in culture were investigated using pancreas slices

from MIP-GFP mice. Islet cell death was quantified by determin-

ing dead cells within the islet volume in 3D. In freshly prepared

slices beta-cells demonstrated an intensive GFP fluorescence

indicating existing activity of the mouse insulin reporter (Fig.

5A). Furthermore, only few dead islet cells were observed on the

day of preparation with no significant difference between standard

or optimized culture conditions (40.3632.4 and 28.5621.7 cells/

mm3 islet; Fig 5A and B). However, during prolonged culture

using standard conditions an increasing number of dead nuclei

were detected within the islet (96.8645.5 and 142.8691.0 cells/

mm3 islet on culture day 4 and day 7, respectively) (Fig. 5A and B).

Additionally, disappearance of GFP fluorescence within the islets

during culture indicated beta cell death and loss of insulin

promoter activity. In contrast, in slices cultured in optimized

conditions long-standing GFP fluorescence revealed preserved

viability and specificity of beta cells for at least 7 days. Under these

conditions islets displayed stable morphology with low numbers of

dead islet cells (40.5627.6 and 44.1627.7 cells/mm3 islet on

culture day 4 and day 7, respectively) (Fig. 5A and B).

Endocrine secretory function of beta cells in pancreas tissue

slices was assessed by measurement of insulin release at basal

(3 mmol/L) and stimulating (16.7 mmol/L) glucose concentra-

tions. Freshly prepared pancreas slices demonstrated a basal

release of 1.260.4% of total insulin which increased to 2.860.7%

after stimulation with 16.7 mmol/L glucose, indicating that the

intact islet capsule in slices did not interfere with glucose

stimulation or insulin release. Similarly to amylase secretion, basal

and stimulated insulin release from beta cells was slightly

decreased after 4 (1.060.2% vs. 2.360.4%) and 7 days

(0.960.3% vs. 2.160.3%) in culture, but the stimulation index,

as an indicator of beta cell function, was similar at all time points

with 2.460.3, 2.360.3 and 2.360.4, respectively. Thus, regulated

insulin release was maintained during long-term tissue slice

culture.

Figure 5. Effect of long-term pancreas tissue slice culture on
endocrine beta cell viability and function. (A) Longitudinal in situ
imaging of beta cell viability and specificity in pancreas tissue slices
before and after 7 days culture in standard and optimized conditions.
Under standard culture conditions MIP-GFP fluorescence (green) of beta
cells was lost after 7 days and the numbers of dead nuclei (magenta)
dramatically increased, whereas in optimized conditions beta cells were
still detectable by GFP fluorescence after 7 days and the number of
dead cells inside the islet remained low. (B) Quantification of Draq7
nuclei (dead cells) within islets in freshly prepared pancreas tissue slices
and during culture in standard and optimized conditions. Islet volume
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Discussion

We here have successfully established and characterized an

organotypic culture system for adult mouse pancreas tissue slices,

enabling long-term studies on exocrine and endocrine cell

physiology in situ. Using optimized culture conditions endocrine

beta cells and exocrine acinar cells remained morphologically

intact and exhibited their characteristic secretory function for a

prolonged time period of 4 days. Even though to a lesser extent,

morphologically and functionally intact acini could still be found

in cultured slices at day 7 after preparation. This was achieved by

employing an interface-membrane technique with pancreas slices

placed on culture insert membranes providing a stable substrate

essential for preservation of slice morphology. Furthermore,

coating with a collagen mixture allowed long-term preservation

of the typical pancreas morphology which could not be achieved

with other tested coatings (gelatin or MatrigelTM, see Table S1 in

the supporting information). Additionally, we evaluated several

medium environments differing in basic culture medium and

medium supplementation (see Table S1 in the supporting

information). Best results for tissue preservation were achieved

when using a medium composition based on conditions previously

employed for pancreas explant cultures [22], but modified to meet

the specific requirements of the endocrine component. We used

custom made, glucose free Waymouth’s MB 752/1 medium to

allow reduction of glucose content from 28 mmol/L to more

physiological concentrations to prevent beta-cell glucotoxicity

[23,24]. Detailed characterization of exocrine and endocrine cell

viability as well as secretory function demonstrated that glucose

levels as high as 28 mmol/L were not essential for long-term

culture of pancreatic tissue slices and revealed 11 mmol/L glucose

as the most suitable concentration in respect to beta cell survival

and glucose induced insulin release (data not shown). Further-

more, we lowered FBS content from 10 to 1% which prolonged

islet cell viability (data not shown) and minimized the ambiguous

influence of FBS on acinar and beta cell physiology. Thus, we

present an optimized culture medium avoiding high serum and

glucose concentrations, and omitting addition of growth factors or

secretagogues, which enables combined studies on exocrine and

endocrine cell physiology in a well-defined and physiological

setting in situ.

Utilizing the established optimized culture conditions we

characterized the preservation of specificity and function of acinar

and beta cells in long-term culture of pancreas tissue slices.

Detailed analysis of exocrine tissue preservation showed only a

slight reduction of amylase-positive area during the first 4 days of

culture to about 90% of the amylase positive area observed at day

0. This was followed by a more prominent decrease to about 50%

of original amylase positive area at culture day 7, indicating loss of

amylase expression in parts of the exocrine tissue during prolonged

culture periods. Nevertheless, numerous intact amylase positive

acini were detected in lobules of pancreas tissue slices even after 7

days of culture. Subsequently we investigated the specificity of

acinar cells in cultured slices by assessing cell morphology and

cellular distribution of amylase staining. A loss of the characteristic

apical–basal polarity of acinar cells with amylase containing

zymogen granules located at the apical cell pole is an early sign of

cell degeneration and dedifferentiation and occurs after 24 hours

culture of isolated acini [11]. However, in the current study we

observed highly polarized acinar cells in pancreas tissue slices after

4 and 7 days of culture, with zymogen granules and amylase

expression predominantly at the apical plasma membrane.

Preservation of cellular specificity of acinar cells in pancreas tissue

slices was supported by their sustained secretory function.

Pancreatic acinar cells in freshly prepared and cultured tissue

slices demonstrated a typical bell-shaped dose-response curve for

amylase secretion when stimulated with increasing concentrations

of caerulein. Although, absolute amounts of amylase release from

slices decreased with culture time, the ratio of stimulated over

basal release was comparable at all time points, demonstrating an

intact regulated secretion. In addition, intact cell physiology for up

to 7 days of culture was illustrated by the observation of typical

oscillatory Ca2+
i changes in individual acini in response to

physiological concentrations of caerulein. Thus, morphology,

polarity and function indicate a sustained differentiated state of

acinar cells during culture. However, the observed increase of

CK19 staining in amylase positive and polarized acinar cells might

point to a beginning acinar-to-ductal transdifferentiation, which

has not led to any morphological or functional changes to that

time point, but should be considered, especially in experiments

exceeding the here characterized culture period.

Finally, well preserved islet of Langerhans/beta cell viability

and function during the entire observation period supports the

suitability of pancreas tissue slice culture as a model for long-term

in situ studies on intact pancreatic tissue.

The beneficial preparation procedure and intact tissue specific

morphology make pancreas tissue slices an excellent approach to

study cell physiology of acinar and beta cells in an in situ

environment. In addition, the here presented long-term organo-

typic culture system for pancreas tissue slices now provides a

unique technique to use this approach for longitudinal studies on

pancreatic exocrine and endocrine cells under near-physiological

conditions. Therefore, this technical platform enables addressing

various aspects of pancreas physiology. The prolonged experi-

mental time for studying functional and viable acini in culture

simplifies the use of tools for cell manipulation and extends the

observation period after compound application. Importantly,

pancreas tissue slice culture also accelerates detailed investigations

of pancreatic disorders. In combination with the available mouse

models for pancreatic cancer [25]_ENREF_30, acute and chronic

pancreatitis [26,27] as well as type 1 and type 2 diabetes [28] the

extended time period benefits investigations of cellular mecha-

nisms and intervention in situ. Future studies will show if pancreas

tissue slice culture also opens up new possibilities for the

establishment of appropriate in situ models of pancreatic diseases.

Finally, the presence of both, pancreatic exocrine and endocrine

tissue in a close to physiological environment for long-term

observations facilitates investigations of processes regarding cell

interactions in health and disease [29,30], and cell transdiffer-

entiation during regeneration [31,32,33]. The possibility of

simultaneous long-term studies will also allow addressing the

effect of compounds on either tissue under identical conditions.

Therefore, pancreas tissue slice culture might help to shed light on

controversial discussions about possible negative side effects of

anti-diabetic drugs on the exocrine pancreas, e.g. glucagon like

peptide-1 analogues [34,35,36].

in tissue slices was determined by backscatter LSM. Values are
expressed as mean 6 SD Draq7 labeled nuclei per mm3 islet volume
(n = 11 for optimized and n = 12 for standard conditions). (C) Basal
(3 mmol/L glucose) and stimulated (16.7 mmol/L glucose) insulin
release from pancreas tissue slices at the day of preparation and after
4 and 7 days of culture in optimized conditions. Insulin release is
expressed as percent of total insulin as mean 6 SD from 8 slices per
time point (n = 8).
doi:10.1371/journal.pone.0078706.g005
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Supporting Information

Table S1 The table lists the majority of culture conditions tested

differing in basic culture medium, medium supplementation,

serum concentration and substrate coating of the culture insert

membrane, including the standard (#1) and optimized condition

(#50).

(PDF)

Video S1 Ca2+
i/Oregon Green BAPTA-1 fluorescence in

acinar cells of a pancreas tissue slice at the day of
preparation before and after stimulation with 10 pM
caerulein at 60 s. Acini within tissue slices show widespread

Ca2+
i/Oregon Green BAPTA-1 fluorescence activity throughout

the entire lobule. Fluorescence intensity is displayed as Rainbow

RGB lookup table with low fluorescence intensities (low Ca2+
i in

blue), over medium fluorescence intensities in green to high

fluorescence intensities (high Ca2+
i in red). Sampling frequency =

0.5 Hz. Scale bar = 50 mm.

(MOV)

Video S2 Ca2+
i/Oregon Green BAPTA-1 fluorescence in

acinar cells of a pancreas tissue slice after 4 days culture
in optimized conditions and after stimulation with 10
pM caerulein. As on day 0 acini within tissue slices show

widespread Ca2+
i/Oregon Green BAPTA-1 fluorescence activity

throughout the entire lobule. Fluorescence intensity is displayed as

Rainbow RGB lookup table with low fluorescence intensities (low

Ca2+
i in blue), over medium fluorescence intensities in green to

high fluorescence intensities (high Ca2+
i in red). Sampling

frequency = 0.5 Hz. Scale bar = 50 mm.

(MOV)

Video S3 Ca2+
i/Oregon Green BAPTA-1 fluorescence in

acinar cells of a pancreas tissue slice after 7 days culture
in optimized conditions and after stimulation with 10
pM caerulein. In comparison to day 4 less acini respond to

stimulation by changes in fluorescence. However, still widespread

Ca2+
i/Oregon Green BAPTA-1 fluorescence activity of functional

acini throughout the entire lobule can be detected. Fluorescence

intensity is displayed as Rainbow RGB lookup table with low

fluorescence intensities (low Ca2+
i in blue), over medium

fluorescence intensities in green to high fluorescence intensities

(high Ca2+
i in red). Sampling frequency = 0.5 Hz. Scale bar =

50 mm.

(MOV)
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administrative support.

Author Contributions

Conceived and designed the experiments: AM SS. Performed the

experiments: AM CS BF. Analyzed the data: AM CS BF SS. Wrote the

paper: AM SS.

References

1. Amsterdam A, Jamieson JD (1974) Studies on dispersed pancreatic exocrine

cells. I. Dissociation technique and morphologic characteristics of separated

cells. J Cell Biol 63: 103721056.

2. Pipeleers D, in’t Veld PI, Maes E, Van De Winkel M (1982) Glucose-induced

insulin release depends on functional cooperation between islet cells. Proc Natl

Acad Sci U S A 79: 732227325.

3. Bosco D, Soriano JV, Chanson M, Meda P (1994) Heterogeneity and contact-

dependent regulation of amylase release by individual acinar cells. J Cell Physiol

160: 3782388.

4. Paraskevas S, Aikin R, Maysinger D, Lakey JR, Cavanagh TJ, et al. (1999)

Activation and expression of ERK, JNK, and p38 MAP-kinases in isolated islets

of Langerhans: implications for cultured islet survival. FEBS Lett 455: 2032208.

5. Raposo do Amaral AS, Pawlick RL, Rodrigues E, Costal F, Pepper A, et al.

(2013) Glutathione Ethyl Ester Supplementation during Pancreatic Islet Isolation

Improves Viability and Transplant Outcomes in a Murine Marginal Islet Mass

Model. PLoS One 8: e55288.

6. Irving-Rodgers HF, Choong FJ, Hummitzsch K, Parish CR, Rodgers RJ, et al.

(2012) Pancreatic Islet Basement Membrane Loss and Remodeling after Mouse

Islet Isolation and Transplantation: Impact for Allograft Rejection. Cell

Transplant.

7. Ahn YB, Xu G, Marselli L, Toschi E, Sharma A, et al. (2007) Changes in gene

expression in beta cells after islet isolation and transplantation using laser-

capture microdissection. Diabetologia 50: 3342342.

8. Negi S, Jetha A, Aikin R, Hasilo C, Sladek R, et al. (2012) Analysis of beta-cell

gene expression reveals inflammatory signaling and evidence of dedifferentiation

following human islet isolation and culture. PLoS One 7: e30415.

9. Bhagat L, Singh VP, Hietaranta AJ, Agrawal S, Steer ML, et al. (2000) Heat

shock protein 70 prevents secretagogue-induced cell injury in the pancreas by

preventing intracellular trypsinogen activation. J Clin Invest 106: 81289.

10. Blinman TA, Gukovsky I, Mouria M, Zaninovic V, Livingston E, et al. (2000)

Activation of pancreatic acinar cells on isolation from tissue: cytokine

upregulation via p38 MAP kinase. Am J Physiol Cell Physiol 279: C199322003.

11. Logsdon CD, Williams JA (1983) Pancreatic acini in short-term culture:

regulation by EGF, carbachol, insulin, and corticosterone. Am J Physiol 244:

G6752682.

12. Logsdon CD, Williams JA (1986) Pancreatic acinar cells in monolayer culture:

direct trophic effects of caerulein in vitro. Am J Physiol 250: G4402447.

13. Oliver C (1980) Isolation and maintenance of differentiated exocrine gland

acinar cells in vitro. In Vitro 16: 2972305.

14. Huang YC, Rupnik MS, Karimian N, Herrera PL, Gilon P, et al. (2013) In situ

electrophysiological examination of pancreatic alpha cells in the streptozotocin-

induced diabetes model, revealing the cellular basis of glucagon hypersecretion.

Diabetes 62: 5192530.

15. Speier S, Gjinovci A, Charollais A, Meda P, Rupnik M (2007) Cx36-mediated

coupling reduces beta-cell heterogeneity, confines the stimulating glucose

concentration range, and affects insulin release kinetics. Diabetes 56:

107821086.

16. Speier S, Rupnik M (2003) A novel approach to in situ characterization of

pancreatic beta-cells. Pflugers Archiv : European journal of physiology 446:

5532558.

17. Speier S, Yang SB, Sroka K, Rose T, Rupnik M (2005) KATP-channels in beta-

cells in tissue slices are directly modulated by millimolar ATP. Mol Cell

Endocrinol 230: 51258.

18. Huang YC, Rupnik M, Gaisano HY (2011) Unperturbed islet alpha-cell

function examined in mouse pancreas tissue slices. J Physiol 589: 3952408.

19. Rose T, Efendic S, Rupnik M (2007) Ca2+-secretion coupling is impaired in

diabetic Goto Kakizaki rats. J Gen Physiol 129: 4932508.

20. Stozer A, Dolensek J, Rupnik MS (2013) Glucose-stimulated calcium dynamics

in islets of Langerhans in acute mouse pancreas tissue slices. PLoS One 8:

e54638.

21. Hara M, Wang X, Kawamura T, Bindokas VP, Dizon RF, et al. (2003)

Transgenic mice with green fluorescent protein-labeled pancreatic beta -cells.

Am J Physiol Endocrinol Metab 284: E1772183.

22. Esni F, Miyamoto Y, Leach SD, Ghosh B (2005) Primary explant cultures of

adult and embryonic pancreas. Methods Mol Med 103: 2592271.

23. Unger RH, Grundy S (1985) Hyperglycaemia as an inducer as well as a

consequence of impaired islet cell function and insulin resistance: implications

for the management of diabetes. Diabetologia 28: 1192121.

24. Bensellam M, Laybutt DR, Jonas JC (2012) The molecular mechanisms of

pancreatic beta-cell glucotoxicity: recent findings and future research directions.

Mol Cell Endocrinol 364: 1227.

25. Perez-Mancera PA, Guerra C, Barbacid M, Tuveson DA (2012) What we have

learned about pancreatic cancer from mouse models. Gastroenterology 142:

107921092.

26. Chan YC, Leung PS (2007) Acute pancreatitis: animal models and recent

advances in basic research. Pancreas 34: 1214.

27. Aghdassi AA, Mayerle J, Christochowitz S, Weiss FU, Sendler M, et al. (2011)

Animal models for investigating chronic pancreatitis. Fibrogenesis Tissue Repair

4: 26.

28. King AJ (2012) The use of animal models in diabetes research. Br J Pharmacol

166: 8772894.

29. Chen N, Unnikrishnan IR, Anjana RM, Mohan V, Pitchumoni CS (2011) The

complex exocrine-endocrine relationship and secondary diabetes in exocrine

pancreatic disorders. J Clin Gastroenterol 45: 8502861.

30. Meisterfeld R, Ehehalt F, Saeger HD, Solimena M (2008) Pancreatic disorders

and diabetes mellitus. Exp Clin Endocrinol Diabetes 116 Suppl 1: S72S12.

Pancreas Tissue Slice Culture

PLOS ONE | www.plosone.org 8 November 2013 | Volume 8 | Issue 11 | e78706



31. Criscimanna A, Speicher JA, Houshmand G, Shiota C, Prasadan K, et al. (2011)

Duct cells contribute to regeneration of endocrine and acinar cells following
pancreatic damage in adult mice. Gastroenterology 141: 145121462, 1462

e145121456.

32. Houbracken I, de Waele E, Lardon J, Ling Z, Heimberg H, et al. (2011) Lineage
tracing evidence for transdifferentiation of acinar to duct cells and plasticity of

human pancreas. Gastroenterology 141: 7312741, 741 e7312734.
33. Zhou Q, Brown J, Kanarek A, Rajagopal J, Melton DA (2008) In vivo

reprogramming of adult pancreatic exocrine cells to beta-cells. Nature 455:

6272632.
34. Gier B, Matveyenko AV, Kirakossian D, Dawson D, Dry SM, et al. (2012)

Chronic GLP-1 receptor activation by exendin-4 induces expansion of

pancreatic duct glands in rats and accelerates formation of dysplastic lesions

and chronic pancreatitis in the Kras(G12D) mouse model. Diabetes 61:

125021262.

35. Malhotra R, Singh L, Eng J, Raufman JP (1992) Exendin-4, a new peptide from

Heloderma suspectum venom, potentiates cholecystokinin-induced amylase

release from rat pancreatic acini. Regul Pept 41: 1492156.

36. Tatarkiewicz K, Smith PA, Sablan EJ, Polizzi CJ, Aumann DE, et al. (2010)

Exenatide does not evoke pancreatitis and attenuates chemically induced

pancreatitis in normal and diabetic rodents. Am J Physiol Endocrinol Metab

299: E107621086.

Pancreas Tissue Slice Culture

PLOS ONE | www.plosone.org 9 November 2013 | Volume 8 | Issue 11 | e78706


