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Origin and fate of pancreatic stellate cells (PSCs) before, during and after pancreatic injury are a matter of de-
bate. The crucial role of PSCs in the pathogenesis of pancreatic fibrosis is generally accepted. However, the turnover
of the cells remains obscure. The present study addressed the issue of a potential bone marrow (BM) origin of PSCs.
We used a model of stable hematopoietic chimerism by grafting enhanced green fluorescence protein (eGFP)-express-
ing BM cells after irradiation of acceptor rats. Chimerism was detected by FACS analysis of eGFP-positive cells in
the peripheral blood. Dibutyltin dichloride (DBTC) was used to induce acute pancreatic inflammation with subse-
quent recovery over 4 weeks. Investigations have been focused on isolated cells to detect the resting PSC population.
The incidence of eGFP-positive PSC obtained from the pancreas of chimeric rats was approximately 7% in healthy
pancreatic tissue and increased significantly to a mean of 18% in the restored pancreas 4 weeks after DBTC-induced
acute inflammation. Our results suggest that BM-derived progenitor cells represent a source of renewable stellate
cells in the pancreas. Increased numbers of resting PSCs after regeneration point toward enhanced recruitment of

BM-derived cells to the pancreas and/or re-acquisition of a quiescent state after inflammation-induced activation.
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Introduction

There is consensus regarding the crucial role of pan-
creatic stellate cells (PSCs) in the pathogenesis of pan-
creatic fibrosis. These specialized fibroblasts are defined
by the presence of storage deposits of fat droplets with
vitamin A and by a transition from a quiescent status into
activated myofibroblast cells during pancreatic injury
in vitro after prolonged cultivation [1, 2]. Because of
the clinical relevance, the molecular mechanisms of the
activation process are a matter of intensive investigation
[3]. In contrast, the turnover of PSCs remains obscure.
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Removal of unwanted cells is thought to occur by apop-
tosis [4]. However, the source of quiescent PSCs in the
restored pancreas, subsequent to a pancreatic injury, has
not been investigated so far.

Previous studies concerning pancreatic regeneration
from stem cell sources have concentrated on the substitu-
tion of B-cells in the endocrine islets of Langerhans. Re-
ports regarding the potential origin of insulin-producing
cells are extremely controversial, including bone marrow
(BM)-derived progenitors, pancreas-resident stem cells,
transdifferentiation of acinar as well as duct cells and
self-duplication of adult B-cells [5-10]. Recently, Mato et
al. [11] reported an in vitro-selected mitoxantrone-resist-
ant cell pool from rat pancreas displaying characteristics
of PSCs. These cells were reported to differentiate into
insulin-producing cells upon adequate stimulation.

The contribution of BM-derived cells to myofibroblasts
and fibrogenic processes has been reported by various au-
thors. Russo ef al. [12] suggested that the BM is a major
source of myofibroblasts in chronic liver injury. Lama
and Phan [13] provided evidence for an extrapulmonary



origin of fibroblasts in the fibrotic lung. Scar formation
following a myocardial infarction has been shown to be
associated with the appearance of BM-derived a-SMA-
positive myofibroblasts [14]. Using a mouse model of
severe chronic pancreatic injury, Marrache et al. [15]
have shown that some stellate cells originated from the
BM.

Although controversial, recent published data support
the general conclusion that cell plasticity and migration
between different organs might represent a constitutive
phenomenon persisting throughout life.

In this study, we examined the contribution of BM to
the PSC population. For this approach, a model of rats
with a stable hematopoietic enhanced green fluorescence
protein (eGFP) chimerism has been used. We investi-
gated isolated PSCs obtained from untreated control rats
as well as from the restored organ following an episode
of acute pancreatitis induced by dibutyltin dichloride
(DBTC). The isolation method for PSC was based upon
fat content, thus addressing the quiescent PSC population
[16].

We provide evidence for the existence of a resting
PSC population derived from BM in rat pancreas under
steady state conditions before inflammation and after re-
generation, thus establishing BM as a source of quiescent
PSCs.

Results

Characterization of PSC phenotype in the model of acute
pancreatitis

The previous characterization of inflammatory cell
infiltration during DBTC-induced acute pancreatitis
was extended to the analysis of number and phenotype
of PSCs [17]. For this approach, the expression of the
intermediate filament desmin and the activation marker
a-smooth muscle actin (a-SMA) was investigated by
immunohistochemistry. Unlike desmin, in the healthy
organs, a-SMA-positive cells were found almost exclu-
sively around blood vessels and pancreatic ducts (Figure
1A, a, d and 1B). During the first week of pancreatitis,
the number of desmin-positive and a-SMA-positive cells
increased significantly, reaching a maximum at day 7
(Figure 1A, b, e and 1B). Subsequently, cells positive for
each marker declined, reaching nearly normal values af-
ter 2 weeks (Figure 1A, ¢, f and 1B).

These results indicate that inflammatory processes in-
duced PSC activation, including enhanced proliferation
and differentiation into the myofibroblast-like phenotype.
The healing process was associated with a depletion of
leukocytes and a decrement of PSCs, finally leading to
pancreatic restoration.
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Rat model of hematopoietic eGFP chimerism

The FACS analysis of peripheral blood leukocytes ob-
tained from transplanted BN/LEW rats revealed normal
peripheral blood cell counts and a stable hematopoietic
chimerism of 71% =+ 12% (n = 44, P = 0.05) between 8
weeks and 12 months after BM transplantation (Figure 2).
Apart from temporary weight loss during 2-3 days after
irradiation, no significant toxicity was observed due to
the transplantation procedure. Furthermore, no signs of
acute or chronic graft-versus-host disease were detect-
able at any time after transplantation.

Detection of eGFP-postive cells in pancreatic tissue

Multiphoton microscopy was employed to see whether
green fluorescence would be detectable in tissue unal-
tered by fixation and sectioning, as well as to get an im-
pression of tissue architecture and distribution of cells.
Investigation of excorporated fresh unfixed pancreatic
tissue from eGFP transgenic donor rats using multipho-
ton microscopy revealed bright green fluorescence from
eGFP expression in pancreatic acinar cells (Figure 3A).
Also, interstitial cells positioned between pancreatic
lobules were seen to express eGFP (Figure 3A), though
much less obviously, because of their smaller size and
elongated shape. When freshly explanted, pancreatic tis-
sue from BM-transplanted rats was analyzed, we found
green cells interspersed in otherwise non-fluorescent
pancreatic tissue (Figure 3B). No clues to their identity
could be drawn from the shape of the eGFP-positive
cells, except that these were most obviously cells derived
from the BM of eGFP-expressing donor rats, which mi-
grated into the pancreas. Furthermore, as shown in Figure
3B, cells were found in a non-random distribution.

We then performed confocal laser scanning micros-
copy (cLSM) on cryosections of pancreatic tissue. We
found that green fluorescent cells in transplanted animals
were situated in the interlobular septa (Figure 3C), as
depicted by positive cells outlining the margin of an aci-
nar lobule and following its curvature. Other cells were
found in cell masses at random (Figure 3D) with more
extended shape and cellular extensions. We were unable
to find eGFP-expressing islet cells or acinar or duct cells
(data not shown). Indirect immunofluorescence staining
showed that some of the green fluorescent cells in pan-
creatic tissue were positive for desmin or a-SMA expres-
sion (data not shown).

Characterization of in vitro propagated PSCs isolated
from chimeric rats

To analyze the BM origin of non-activated PSCs in
transplanted rats, investigations have been performed
using isolated cells. The purification procedure based on
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Figure 1 Immunocytochemical analysis of desmin (a-c) and a-SMA (d-f) in pancreatic tissue obtained from controls and after
the application of 4 mg per kg body weight of DBTC. Cryostat sections of pancreatic tissue were incubated with a mouse
monoclonal antibody detecting desmim or a-SMA. Primary antibody binding was visualized using the APAAP technique. Cell
nuclei were counterstained with hematoxylin. (A) Representative microphotographs of controls (a, d), and at 7 days (b, e)
and 28 days (c, f) after DBTC application stained for desmin (a-c) and a-SMA (d-f) (original magnification: a, b, d, e, x200; c, f,
x100). (B) Quantitative evaluation of the expression of desmin and a-SMA during the time course of DBTC-induced pancrea-
titis. At 3, 7, 14 and 28 days after i.v. injection of 4 mg per kg body weight of DBTC, the pancreas was removed and subjected
to the immunohistological staining procedure as described. Three pancreata of each time point were evaluated counting posi-
tive cells. Results are expressed as mean + SEM, *P = 0.02, "P = 0.05 compared to controls.

Cell Research | Vol 20 No 3 | March 2010



10*

72%

10°
1l

CD45-PE
10°
|

10

10°

10° 10’ 102 10° 10*
eGFP

Gisela Sparmann et al. @

10° 10

Isotype
10

10° 10’ 102 10° 10*

eGFP

Figure 2 Representative dot plots of FACS analysis showing eGFP-expressing peripheral PBMCs obtained from rats with
hematopoietic eGFP chimerism. Left panel: A PE-labeled anti-CD45 antibody was used to define leukocytes, right panel: iso-

type control.

Figure 3 Analysis of endogenous eGFP fluorescence in pan-
creatic tissue. Multiphoton analysis (A, B) carried out on ex-
corporated fresh pancreatic tissue of donor rats showed bright
green fluorescence in pancreatic acini and interstitial cells (A).
On the right, acinar cell mass of the rim of a lobule is seen, with
interstitial cells of mostly elongated fibroblast-like appearance
extending to the left upper region. Green fluorescence appears
to be much weaker because of the reduced volume and mass
of these interstitial cells. When the excorporated fresh pancre-
atic tissue of BM-transplanted control rats was analyzed, green
fluorescence was detected in cells interspersed in otherwise
non-fluorescent tissue (B). The distribution of the cells is remi-
niscent of interstitial areas, but did not resemble acini, islets or
ductal structures. (C, D) Examination of cryosections from BM-
transplanted rats by confocal laser scanning microscopy (cLSM)
showed green fluorescent cells in normal pancreas (C) and at
28 days after induction of pancreatitis by DBTC (D) in otherwise
non-eGFP-expressing tissue (nuclear staining: blue; scale bars
represent 20 uM).
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the high fat content of quiescent PSCs ensured the non-
activated phenotype of freshly prepared stellate cells [16].
Irrespective of the previous treatment, PSCs isolated
from Tx controls or from regenerated pancreas 4 weeks
after DBTC application showed a typical stellate-shaped
morphology (data not shown). The activation process of
PSCs has been shown to be accompanied by a gradual
loss of lipid droplets and rising expression of a-SMA
[1, 2, 16]. Figure 4A and 4B summarize the character-
istic course of both markers in PSCs obtained from the
restored pancreas, reflecting the typical transition from
resting cells into the activated myofibroblastic phenotype
during in vitro cultivation.

Figure 4C shows the expression of mRNA encoding
the chemokine receptor 2 (CCR2) in PSCs at different
time points after isolation. There was a moderate, but
not significant, reduction of the transcript levels after
long-term cultivation, indicating a constitutive expres-
sion of CCR2. This result supports the hypothesis that
PSCs would be responsive to chemotactic factors that are
known to be essentially involved in cell migration [18].

PSCs isolated from BM-transplanted rats at 4 weeks
after the injection of 6 mg per kg body weight of DBTC
were grown on cover glasses for 2 days (Figure 5A, 5B,
SE, 5F) and 4 days (Figure 5C, 5D, 5G, 5H). Subse-
quently, specimens were analyzed for the expression of
eGFP and stellate cell markers by immunofluorescence
using cLSM. Figure 5 shows representative images sum-
marizing the expression of desmin (E, G) and a-SMA (A,
C) in eGFP-positive PSCs. Desmin was found to be con-
stitutively expressed (Figure 5E, 5G). In contrast, o-SMA
staining of stress fibers could not be detected in 2-day-
cultures (Figure 5A), but the activation marker was
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Figure 4 Characterization of PSCs isolated from regenerated pancreas. (A) Detection of lipid droplets at 3 days (left) and 14
days (right) after PSC isolation. Cells grown on glass coverslips were fixed at the indicated time point followed by staining
with oil red O. Nuclei were visualized with Mayer’s hematoxylin (original magnification x200). (B) Representative immunoblot
showing the expression of a-SMA during in vitro cultivation of PSCs. Cells were harvested 1, 3 and 7 days after isolation, pro-
tein extracts were prepared and subjected to the western blot procedure using an anti-a-SMA antibody. To show equal protein
loading, blot was re-probed with an anti-ERK 1/2 antibody. (C) Expression of mMRNA encoding CCR2. Total RNA was isolated
from PSCs at day 2 (lane 1), day 7 (lane 2), day 14 (lane 3) and day 21 (lane 4), transcribed into cDNA and subjected to
PCR with CCR2-specific primers. Amplification products (470 bp) were electrophoretically separated in an ethidium bromide-
containing agarose gel; fluorescence intensity reflects the cDNA amount. The various cDNA samples were adjusted to equal
input concentrations by competitive PCR using the housekeeping gene HPRT (608 bp); CF, internal standard (499 bp); M,

100-bp molecular weight marker.

strongly upregulated after 4 days accompanied by the
formation of a-SMA stress fibers (Figure 5C). Prolonged
culture resulted in enhanced proliferation, which was
clearly visible already at 4 days of culture compared to 2
days (Figure 5C, 5G versus 5A, 5E). Prolonged culture
also leads to loss of eGFP expression and acquisition of a
more myofibroblast-like shape with concomitantly higher
expression of a-SMA (data not shown). Our preparation
procedure is dedicated to the isolation of quiescent PSCs,
whereas activated cells without lipid droplets get lost.
Therefore, as expected, we did not observe differences in
proliferation rates of PSCs from Tx control pancreas or
DBTC-treated pancreas.

Analysis of eGFP transgene by protein expression and at
gene level

PSCs isolated from Tx controls and Tx-DBTC rats
were subjected to flow cytometry for the detection of the
eGFP fluorescence (Figure 6). Cells were analyzed only
after adherence for at least 2 days, to ensure removal of

debris or non-PSC cells, that is, acinar cells, which tend
to contain autofluorescent material interfering with fluo-
rescence detection. The FACS analysis revealed that the
fluorescence intensity decreased during the in vitro cell
cultivation. This phenomenon may be attributed to a re-
duction of gene expression in cultivated cells. However,
in all cases, the number of eGFP-positive PSCs obtained
from Tx-DBTC animals was higher compared with Tx
controls. Figure 6A shows representative FACS histo-
grams of 5-day-cultured PSCs obtained from Tx control
and Tx-DBTC animals. Including PSCs cultivated from
4 to 10 days, the mean value of eGFP-positive PSCs ob-
tained from Tx-DBTC rats averaged 18%,; the mean of
Tx controls was about 7% (Figure 6B).

To exclude the fact that leukocytes contribute substan-
tially to the eGFP fluorescence, the common leukocyte
antigen CD45 was analyzed using a phycoerythrin (PE)-
labeled antibody. We could show that even at day 2, only
about 1% of the cells were CD45 positive (Figure 6A,
inset).
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Figure 5 Analysis of endogenous eGFP fluorescence and expres-
sion of 0-SMA or desmin by confocal laser scanning microscopy.
PSCs were isolated from pancreas 28 days after the induction of
the acute pancreatitis by DBTC and grown for 2 days (A, B, E, F)
and 4 days (C, D, G, H) followed by staining for a-SMA (A-D) and
desmin (E-H), depicted in red. Shown here are cell samples as
merged pictures (A, C, E, G) and the corresponding eGFP-only
fluorescence (B, D, F, H) in the identical specimen. After 2 days in
culture, cells are sparse, because proliferation has not yet started
and after 4 days, the number of cells increased significantly. The
same applies to a-SMA staining (A, C). After 2 days in culture, cells
show no typical staining for a-SMA (A) and after 4 days, bright red
fluorescence is detected in stress fibers throughout the cells (C).
Please note that the detector gain for red fluorescence was ad-
justed to the highest levels of expression, thus some cells appear
to be negative for a-SMA, because the expression was significantly
lower. Desmin staining (E, G) was detected at high levels already
after 2 days of culture (E) and remains so after 4 days of culture (G).
All cells were positive for desmin, but as cLSM analysis depicts
only optical slices of cells, some of the cells appear to be negative
because of different planes of growth and differences in expres-
sion, as for a-SMA. All cells investigated revealed eGFP expres-

sion as depicted by green fluorescence at these times in culture (B,
D, F, H). (Scale bars represent 20 uM).
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The hematopoietic eGFP chimerism in the engrafted
rats constituted about 70% of eGFP-positive leukocytes.
In consequence, at least 70% of the BM-derived cells in
the chimeric animals should have the eGFP transgene,
independent of the protein expression and/or fluores-
cence detection. Therefore, we determined the content of
eGFP-encoding DNA in isolated PSCs using a real-time
PCR approach. Results are summarized in Figure 7. We
found that PSCs, isolated from control animals with a
stable hematopoietic eGFP chimerism, contained eGFP-
positive cells as shown by the presence of the eGFP
transgene in total DNA. The percentage of eGFP-positive
PSCs obtained from the restored organ subsequent to
DBTC pancreatitis was about threefold higher compared
to Tx controls, as detected by PCR amplification of the
eGFP transgene.

Discussion

The current study addresses the issue of the contri-
bution of BM cells to the origin of PSCs. BM-derived
myofibroblasts have been reported in various organs
[12-14]. In contrast, little is known regarding the origin
of quiescent fibroblasts/stellate cells during recovery sub-
sequent to an inflammatory process. Previously, Elsdsser
et al. [19] have shown the proliferation of fibroblast-like
cells in the pancreas after induction of acute pancreatitis
by infusion of supramaximal doses of cerulein. Autoradi-
ographic analysis using tritiated thymidine incorporation
revealed an early peak of interstitial cell proliferation at
about 48 h after the start of infusion. These data show an
impact of fibroblastoid cells on pancreatic regeneration;
however, they do not answer the question of the origin
of these cells, as to whether they were intrapancreatic or
derived from other sources.

For our approach, hematopoietic eGFP-chimeric rats
were generated by BM transplantation. The medial in-
cidence of eGFP-positive leukocytes in the peripheral
blood of chimeric animals was about 71% and was sta-
ble between 8 weeks and 12 months after transplanta-
tion. These results suggest that the donor BM engrafted
successfully and a stable chimerism of the hematopoietic
system was achieved. We analyzed BM-derived PSCs by
means of multiphoton microscopy detecting eGFP in ex-
corporated fresh pancreatic tissue. This method revealed
green fluorescence in mostly clustered interstitial cells, in
otherwise unstained tissue, in chimeric rats, but did not
reveal whether these were PSCs or tissue-resident mac-
rophages.

Isolation of PSCs from chimeric animals and subse-
quent analysis of known markers such as lipid droplets,
the expression of desmin and a-SMA, confirmed eGFP-
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Figure 6 FACS analysis of eGFP-positive PSCs. Cells were obtained from the pancreas of Tx controls and of DBTC-induced
pancreatitis followed by regeneration. Isolation of PSCs has been performed at 4 weeks after the application of 4 mg per kg
body weight of DBTC followed by cultivation for 5 days, including one passage. The adherent growing PSCs were detached
from the culture plates using trypsin-EDTA and subjected to flow cytometry detecting eGFP fluorescence in FI1. (A) Rep-
resentive histograms of FACS analysis. EGFP-positive PSCs (7%) isolated from chimeric controls were detected, whereas
PSCs from Tx-DBTC contained 21% eGFP-positive cells, the insert shows that only about 1% of the analyzed cells were pos-
itive for the common leukocyte antigen CD45. (B) Evaluation of FACS data for eGFP-positive PSCs obtained from Tx controls (n
=10) and Tx-DBTC (n = 10). The rate of eGFP-positive cells in the Tx-DBTC group was threefold higher compared to the Tx

controls. Results are expressed as mean + SEM, *P = 0.05.
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Figure 7 Evaluation of data obtained from real-time PCR for the
eGFP gene in PSCs. Cells were obtained from Tx controls and
from regenerated pancreas (Tx-DBTC). Isolation of PSCs from
regenerated pancreas has been performed 4 weeks after the appli-
cation of 4 mg per kg body weight of DBTC followed by cultivation
for 7 days including one passage. Genomic DNA was extracted
and subjected to the TagMan assay. Results are given as mean +
SEM; Tx control, n =8 and Tx-DBTC, n = 14; *P = 0.002.

expressing cells to be resident quiescent PSCs. In ad-
dition, the existence of eGFP in isolated PSCs could be
shown by flow cytometry and by the assessment of the
eGFP gene by real-time PCR. Using FACS analysis,
about 7% eGFP-positive cells were found in PSCs ob-
tained from transplanted animals. Even though a mild
transient inflammatory reaction in response to the ir-
radiation before transplantation cannot be excluded, the
detection of eGFP-positive PSCs in rats up to 12 months
after irradiation and transplantation strongly supports a
constitutive migratory movement of BM cells into pe-
ripheral organs followed by differentiation processes,
finally resulting in tissue-specific cell populations.

The model of pancreatic regeneration following
DBTC-induced acute pancreatitis was used to investigate
the contribution of BM to PSC regeneration. Previously,
we have characterized the cell infiltration in the model
of acute DBTC pancreatitis [17]. The inflammatory pa-
rameters returned to almost normal levels within 2 weeks
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after reaching a maximum at day 7. Here, we could
demonstrate a similar time course for the expression of
the intermediate filament desmin and of a-SMA. Desmin
has been shown to be a specific stellate cell marker in the
pancreas and the increase of desmin-positive cells may
indicate PSC proliferation and/or migration [1, 2]. The
generation of a-SMA stress fibers defines the formation
of the myofibroblastic phenotype associated with func-
tional cell activation [3, 16]. The correlation between
leukocyte infiltration and PSC activation in the DBTC-in-
duced model of acute pancreatitis was in agreement with
numerous reports showing PSC stimulation by inflamma-
tory reactions [20, 21]. The restoration process requires
the deletion of cells that infiltrated and/or proliferated
within the time of acute injury. The mechanisms of this
‘tissue cleaning’ are not fully understood; however, re-
sults generated by our group and others suggest that the
apoptotic cell death may be substantially involved [4,
22].

The purification procedure for PSCs based on the lipid
content ensured the isolation of non-activated, quiescent
PSCs from regenerated pancreas following DBTC-in-
duced inflammation in chimeric rats (Tx-DBTC). Differ-
ent eGFP-detection methods provided evidence that the
portion of BM-derived PSCs increased about threefold
during the restoration process, arguing for the stimulated
immigration of BM-derived cells, and subsequent dif-
ferentiation into PSCs of a quiescent state. The inflamed
pancreas creates a microenvironment containing among
other effective substances chemokines, which are known
to promote cell migration. Using a mouse model, Seki et
al. [18] have demonstrated an essential role of CCR2 on
hepatic stellate cells for pathophysiological mechanisms
in the liver. Our data showing the expression of CCR2
in quiescent PSCs support the hypothesis about the re-
sponsiveness of progenitor cells to chemotactic signals
derived from the pancreas.

Our findings concerning the migration and differentia-
tion of BM cells in the pancreas are supported by recent
data of Marrache et al. [15]. However, in contrast to our
experimental model, which focused on tissue that has
recovered from a relatively short-lived inflammatory
reaction, these authors investigated the effects of severe
chronic pancreatic damage induced by repeated injec-
tions of supramaximal doses of cerulein for 45 weeks
into a mouse xenograft model using BM cells expressing
eGFP. They have shown that roughly 5% of PSCs were
BM-derived. Although these cell numbers are less than
that in our regeneration model, the differences in injury
protocol, animal species and quantification methodol-
ogy for BM-derived PSCs used by these authors could
account for the quantitative difference. Interestingly, in
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agreement with our observations, BM-derived acinar
or islet cells could not be detected in the mouse model,
and ductal cells were eGFP-positive only to a marginal
extent [15]. These results suggest that BM cells do not
contribute substantially to the replenishment of pancre-
atic epithelial cells after injury. So far, it remains unclear
as to what signals are necessary to initiate the mobiliza-
tion and cell migration from the BM, leading BM cells to
permanently abandon the place of their origin [23, 24].
The idea of circulating pluripotent cells representing an
‘emergency’ population, which could be available on
site in case of demand, is a tempting concept. Already in
1994, Bucala et al. [25] have identified a distinct leuko-
cyte subpopulation, termed fibrocytes, exhibiting charac-
teristics of both stem cells and myo-/fibroblasts. Various
studies have confirmed the contribution of circulating
fibrocytes to wound repair and fibrosis [26, 27]. Mesen-
chymal stem cells represent a further BM-derived popu-
lation with multilineage potential and their transition into
myofibroblasts has been shown [24, 28]. A further pos-
sibility is that cell plasticity and migration between dif-
ferent organs might represent a constitutive phenomenon
persisting during the whole life.

In summary, we have shown for the first time the BM
origin of isolated quiescent PSCs. Our data demonstrate
BM as a source of resting PSCs in normal pancreas and
suggest that the migration of PSC progenitors was stimu-
lated by signals derived from the injured/regenerating
pancreas, resulting in increased numbers of BM-derived
quiescent PSCs after restoration. Further experiments are
necessary to identify the progenitor population(s) and
the factors that control the mobilization and emigration
of BM-derived cells, as well as the mechanisms for the
recruitment and differentiation of progenitor cells in pe-
ripheral organs.

Materials and Methods

Reagents

Reagents were purchased from the following sources: His-
topaque 1083, monoclonal mouse antibodies directed against
desmin, a-SMA, as well as an a-SMA-Cy3 antibody, Hoechst
33258, fuchsin, sodium nitrite, levamisole, naphtol-bis-phosphate,
DBTC, oil red O and standard laboratory chemicals from Sigma
(Deisenhofen, Germany); Iscove’s modified Dulbecco’s medium
(IMDM), RPMI 1640 without phenol red, accutase from PAA
(Célbe, Germany); non-essential amino acids, penicillin, strepto-
mycin, trypsin, superscript Il reverse transcriptase, oligo (dT),,. s
primer from Invitrogen (Karslruhe, Germany); Nycodenz from
AXIS SHIELD PoC AS (Oslo, Norway); collagenase P from
Roche (Mannheim, Germany); fetal calf serum (FCS) from Bio-
chrom (Berlin, Germany); AlexaFluor 555 F(ab’), fragment goat
anti-mouse or anti-rabbit from Molecular Probes (Eugene, OR,
USA); monoclonal rat-specific anti-CD45-PE antibody from
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Acris (Hiddenhausen, Germany); anti-mouse IgG and monoclo-
nal mouse APAAP complex from DAKO (Glostrup, Denmark).
DNA isolation kit (innuPREP DNA Mini Kit) from Analytik Jena
(Jena, Germany); TagMan assays for real-time PCR from Applied
Biosystems (Foster City, USA); BD FACS lysing solution, cell
strainer from Becton Dickinson Labware (NJ, USA); RNeasy Mini
RNA extraction kit, Taq Polymerase from Qiagen (Hilden, Ger-
many); Immobilon-P (PVDF) membrane (Millipore, Bedford, MA,
USA); rabbit anti-ERK (MAP kinase 42/44) antibody (Cell Signal-
ing Technology, Beverly, MA, USA); ECL plus kit, horseradish
peroxidase-labeled anti-rabbit or anti-mouse Ig antibody from Am-
ersham (Freiburg, Germany); 12-mm diameter microscope cover
glasses (Marienfeld, Lauda-Konigshofen, Germany); BN/LEW
hybrid were obtained from Charles River (Sulzfeld, Germany),
transgenic LEW rats expressing eGFP under the control of the
ubiquitin C promoter using a lentiviral vector construct, generated
by Reichardt and co-workers [29], were propagated and generous-
ly provided by Manfred Lehmann (Institute of Biochemistry and
Molecular Biology, University of Rostock, Rostock, Germany).

Animal models
Hematopoietic chimerism All animal work was carried out as per
the procedural and ethical guidelines of the local Animal Care and
Use Committee.

Female BN/LEW hybrid rats received a whole-body irradiation
of 7.5 Gy using Cesium 137 radiation source. The following day,
the BM of 6-week-old female eGFP transgenic LEW rats was ob-
tained by flushing the medullary cavities of femurs. Marrow cells
were filtered, washed and checked for viability using the trypan
blue method. 4 x 107 cells per ml were injected into each irradiated
BN/LEW rat via the tail vein. All animals received water contain-
ing sulfamethoxazol (0.5 mg/ml), trimethoprim (0.01 mg/ml),
tetracycline (0.36 mg/ml) and neomycin (0.58 mg/ml) for 2 weeks
[30].

DBTC-induced model of pancreas regeneration DBTC has been
shown to initiate dose- and strain-dependent pancreatic inflamma-
tory reactions in rats [17, 31]. Chimeric BN/LEW rats responded
to 4-6 mg per kg body weight of DBTC with an acute interstitial
pancreatitis followed by pancreatic regeneration during 4 weeks.

After reaching a stable hematopoietic chimerism detected by
FACS analysis of the peripheral blood cells (8 weeks), 38 trans-
planted rats were subjected to the DBTC-mediated model of
pancreatic regeneration. For this approach, a respective amount of
DBTC was applied as described previously [31]. Briefly, DBTC
was dissolved in a mixture of glycerol/ethanol (3:2) followed by
injection into the tail vein in a maximum volume of 200 pl per
animal.

At the indicated time points after DBTC administration, ani-
mals were killed under pentobarbital anaesthesia by cervical dis-
location. The pancreas was subjected to the particular procedure
appropriate for subsequent investigations.

Immunohistochemical characterization of PSCs in DBTC-
induced pancreatitis

The phenotype of PSCs in the time course of pancreatitis in-
duced by 4 mg per kg body weight of DBTC was characterized
using immunohistochemical detection of desmin and a-SMA. For
this approach, the pancreas was removed 3, 7, 14 and 28 days after

DBTC treatment, shock-frozen and stored in liquid nitrogen until
use. Three animals were analyzed per day.

Antibody labeling was performed on 5 pm cryostat sections by
means of the alkaline phosphatase anti-alkaline phosphatase tech-
nique (APAAP). In brief, the specimens were incubated sequen-
tially with unlabeled primary mouse monoclonal antibody against
desmin and a-SMA, rabbit anti-mouse IgG and monoclonal mouse
APAAP complex. Alkaline phosphatase activity was visualized by
incubating the specimens with a substrate containing new fuchsin,
sodium nitrite, levamisole and naphtol-bis-phosphate according to
Emmrich et al. [32]. Cell nuclei were counterstained with Mayer’s
hematoxylin and mounted in glycogel. The number of positively
stained cells was given in cells per mm’.

Detection of eGFP-positive cells in the pancreas by mul-
tiphoton microscopy

For multiphoton analysis, freshly excorporated unfixed tissue
was placed in a tissue culture dish and submerged in CO,-indepen-
dent medium containing 20% FCS, kept at 37 °C throughout the
procedure. Analysis was carried out using a TriMScope (LaVision
BioTec, Bielefeld, Germany) equipped with a Chameleon Titan-
Sapphire laser (Coherent Inc, CA, USA) with maximum output at
800 nm wavelength connected to a Zeiss fixed-stage microscope
equipped with a x40 water-immersion objective. Tissue was
scanned with 64 parallel laserbeams and confocal signals passing
a 535/20 nm bandpass filter were detected using a CCD camera.
Micrographs represent projections of optical slices of roughly 25
UM in depth.

PSC isolation and cultivation

Due to the vastly different fluorescence intensity of indirect im-
munostaining and endogenous eGFP, the reliability of quantifica-
tion of co-localized signals in tissue samples is limited. Therefore,
our experiments were focussed on isolated PSCs.

To characterize the contribution of the BM to PSCs, freshly
isolated and in vitro propagated cells have been investigated. Un-
treated chimeric BN/LEW rats (Tx control) and animals recovered
from DBTC-induced pancreatitis 4 weeks after initiation of the dis-
ease (Tx-DBTC) were used. The isolation procedure was based on
the high fat content in non-activated PSCs [1, 2]. After mechanic
and enzymatic dispersion of the pancreas, stellate cells were puri-
fied by isopycnic density centrifugation as previously described
[22]. Isolated PSCs were suspended in IMDM supplemented with
10% FCS, 1% non-essential amino acids, 100 U/ml penicillin and
100 pg/ml streptomycin. Cell suspension was seeded into six-well
culture plates and kept at 37 °C in a 5% CO, humidified atmos-
phere. PSCs adhered to the culture plate surface during the 4-h
incubation period. Afterward, the supernatant was removed, adher-
ent PSCs were washed carefully with phosphate-buffered saline
(PBS) to eliminate contaminating cells and cell debris floating in
the medium.

For immunofluorescence staining, isolated PSCs were seeded
onto microscope cover glasses placed in 12-well culture dishes
followed by the cultivation procedure, as described above.

Histochemical staining of intracellular fat

Intracellular fat droplets were visualized by oil red O staining.
For this approach, three parts of an oil red O stock solution (1%
wt/vol dissolved in isopropanol) were mixed with two parts of
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distilled water. Cells grown on glass coverslips and fixed in 3%
paraformaldehyde were incubated with the dye solution for 15 min
followed by counterstaining using Mayer’s hematoxylin.

Indirect immunofluorescence staining and cLSM

For indirect immunofluorescence staining, PSCs were culti-
vated on glass coverslips. At the end of the incubation time, speci-
mens were fixed with 2.5% parafomaldehyde, permeabilized using
methanol followed by incubation with the respective primary anti-
body. Antibody binding was detected by the secondary AlexaFluor
555 immunoglobulin directed against the species of the primary
antibody. The anti-a-SMA antibody was labeled with fluorescent
probe Cy3. Nuclei were visualized using Hoechst33258 dye. Anal-
ysis of eGFP expression in isolated PSCs was carried out on cells
plated on glass coverslips. Cells were fixed at the indicated time
points as described above, but without methanol. For the detec-
tion of eGFP-positive cells in the pancreatic tissue, the organ was
fixed in paraformaldehyde. Tissue sections (5 um) were subjected
to fluorescence staining procedure, as described for isolated cells.
Analysis of fluorescence was performed by cLSM (LSM 510 UV
Meta, Carl Zeiss, Jena, Germany) at a pinhole diameter of 1 Airy
unit or optical slice of < 1 uM. All analyses represented here were
three dimensional, pictures representing projections of several op-
tical slices depicting 4.5-6.5 uM of depth for cells and about 3 uM
of tissue depth for cryosections.

Flow cytometry

The eGFP protein in BM, peripheral blood cells as well as in
PSCs has been assessed by flow cytometry measuring the F11
fluorescence in a FACScalibur (Becton Dickinson). An antibody
detecting the rat leukocyte common antigen (CD45) conjugated to
PE was used to identify leukocytes.

Blood (100 pl) obtained from the rat tail vein were incubated
with 10-pl anti-CD45-PE for 20 min on ice. Subsequently, eryth-
rocytes were removed using the FACS lysing solution according
to the manufacturers instructions. Leukocytes were washed twice
with phenol red-less RPMI 1640 and stored until FACS analysis in
0.5% paraformaldehyde at 4 °C.

The expression of eGFP in isolated PSCs was determined after
the first passage at different time points during in vitro cultivation.
For this approach, cells were detached from culture plates by ac-
cutase according to standard protocols, washed twice with PBS (pH
7.4), fixed with 0.5% PFA. Leukocyte contaminations within the
PSC cultures could be examined using CD45-PE staining. Data
were evaluated using the Cellquest software (Becton Dickinson).

Immunoblotting

Protein extracts of PSCs were harvested as previously described
[22]. Lysates were separated by SDS-polyacrylamide gel electro-
phoresis and blotted onto PVDF membrane. Blots were incubated
with the respective primary antibody for 2 h at room temperature.
For visualization of the antibody binding, filters were exposed to a
horseradish peroxidase (POD)-labeled anti-rabbit or anti-mouse Ig
antibody and developed using the ECL Plus kit.

Reverse transcription — polymerase chain reaction

Analysis of mRNA expression has been performed as described
previously [17]. In brief, total RNA was isolated using the RNeasy
kit according to the manufacturers instructions followed by tran-
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scription into cDNA. Relative quantification of mRNA expression
was performed by using competitive PCR with a synthetic DNA
fragment as internal standard for the housekeeping gene hypoxan-
thine phosphoribosyl transferase (HPRT). On the basis of the dif-
ferent amplicon sizes of cDNA and standard, PCR products could
be separated electrophoretically in an ethidium bromide-containing
agarose gel. On the basis of the ethidium bromide fluorescence
intensity reflecting HPRT expression, various cDNA samples were
adjusted to equal input concentrations.

Detection of eGFP transgene-containing cells

A duplex real-time PCR assay was employed for the relative
quantification of eGFP transgene copies in PSCs from the chimeric
rats. Therefore, a VIC/TAMRA TagMan assay was designed for
the eGFP target sequence, employing forward primer: 5'-GTC
CGC CCT GAG CAA AGA-3'; reverse primer: 5'-TCA CGA
ACT CCA GCA GAC C-3'; probe: 5'-CCC AAC GAG AAG CGC
GAT CAC-3'. In a duplex reaction using a commercially available
FAM6 assay for the single copy gene RNaseP (Applied Biosys-
tems, Foster City, USA), the Ct values were used for relative esti-
mation of the copy number.

PSCs were obtained from Tx controls and from regenerated
pancreas (Tx-DBTC). Cell isolation has been performed at 4
weeks after the application of 4 mg per kg body weight of DBTC
followed by cultivation for 7 days, including one passage. Ge-
nomic DNA was extracted using the innuPREP DNA kit (Analytik
Jena) according to the manufacturers instructions.

Statistical analysis

Data are expressed as mean = SEM. Statistical significance of
differences was determined using the Mann-Whitney Rank Sum
Test at a minimum P < 0.05.
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