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See editorial on page 347.

lthough both endocrine and the exocrine pan-
reas display a significant capacity for tissue regen-
ration and renewal, the existence of progenitor
ells in the adult pancreas remains uncertain. Using
model of cerulein-mediated injury and repair, we
emonstrate that mature exocrine cells, defined by
xpression of an Elastase1 promoter, actively con-
ribute to regenerating pancreatic epithelium
hrough formation of metaplastic ductal interme-
iates. Acinar cell regeneration is associated with
ctivation of Hedgehog (Hh) signaling, as assessed
y up-regulated expression of multiple pathway
omponents, as well as activation of a Ptch-lacZ
eporter allele. Using both pharmacologic and ge-
etic techniques, we also show that the ability of
ature exocrine cells to accomplish pancreatic re-

eneration is impaired by blockade of Hh signal-
ng. Specifically, attenuated regeneration in the ab-
ence of an intact Hh pathway is characterized by
ersistence of metaplastic epithelium expressing
arkers of pancreatic progenitor cells, suggesting

n inhibition of redifferentiation into mature exo-
rine cells. Given the known role of Hh signaling in
xocrine pancreatic cancer, these findings may pro-
ide a mechanistic link between injury-induced ac-
ivation of pancreatic progenitors and subsequent
ancreatic neoplasia.

n mature mammalian tissues, the ability to regenerate
following injury implies the presence of cells with

rogenitor function. In contrast to a model in which
issue regeneration is accomplished through activation

nd expansion of a rare, dedicated progenitor cell, recent
tudies have called attention to the ability of differenti-
ted pancreatic cell types to act as facultative progenitor
ells, similar to the role defined for differentiated hepa-
ocytes in the context of liver regeneration.1,2 For exam-
le, following partial pancreatectomy, it appears that
xisting insulin-producing cells serve as the source of new
-cells during endocrine regeneration.3 Similarly, it has
een suggested that mature acinar cells also retain a
acultative progenitor capacity, suggested by their ability
o dedifferentiate following exocrine pancreatic injury in
ivo4,5 and by their ability to generate dedifferentiated
estin-expressing cells in vitro.6 However, the signaling
athways guiding this progenitor behavior have not been
ell characterized.
Recent studies investigating mechanisms of exocrine

ancreatic regeneration have relied heavily on the induc-
ion of epithelial injury by administration of cerulein, a
ecapeptide analogue of the pancreatic secretagogue cho-

ecystokinin.4,7 Cerulein-induced epithelial injury is rec-
gnized to be a fully reversible process, despite the fact
hat the insult can lead to an almost complete loss of
dentifiable acinar cells. Acinar cell mass is fully restored
ithin 1 week following cerulein administration, as the

esult of a potent regenerative response. Jensen et al4 have
hown that, in the setting of cerulein-mediated injury,
urviving acinar cells repress the terminal exocrine gene
rogram and induce transcripts typically observed in the
eveloping pancreas. More recent lineage tracing studies
y Desai et al have confirmed that mature acinar cells are
esponsible for exocrine regeneration in models of pan-
reatic injury,5 whereas Strobel et al have excluded a
articipation by endocrine cells in this process following

Abbreviation used in this paper: Hh, Hedgehog.
© 2008 by the AGA Institute
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622 FENDRICH ET AL GASTROENTEROLOGY Vol. 135, No. 2
erulein pancreatitis.8 Although these series of elegant
eports have established a facultative progenitor function
or mature acinar cells (“acini beget acini”) and have ex-
luded the possibility of “transdifferentiation promiscu-
ty” in the process of exocrine regeneration, the seminal
ignaling pathways contributing to this phenomenon
emain largely unexplored.

In addition to its well-established role in directing the
atterning of embryonic tissues,9 the Hedgehog (Hh)
athway has been implicated in the maintenance of stem
r progenitor cell number in a growing list of adult
issues.10 –15 Mature tissue homeostasis at these sites ap-
ears to be a consequence of Hh-mediated stem or pro-
enitor cell self-renewal within the organ-specific stem
ell niche. In addition to this observed role in “baseline”
tates, more recent work suggests that the Hh pathway
lso plays a critical role in regenerative responses to tissue
njury. For example, Hh pathway activity is required for
ndrogen-triggered regeneration of prostate epithelium
n male mouse castrates,14 as well as in the course of
ulmonary epithelial regeneration in a napthalene-in-
uced model of acute pulmonary injury.15 Based on ob-
ervations that inhibition of Hh signaling is associated
ith diminished tissue repair, these studies have sug-
ested that up-regulated Hh signaling is a prerequisite
or the stem/progenitor cell expansion that occurs in
esponse to injury.

The aim of the current study was to determine the role
f Hh signaling in the process of exocrine regeneration
ollowing cerulein-induced pancreatitis. Recent empiric
tudies in archived human specimens of chronic pancre-
titis have demonstrated aberrant expression of Hh com-
onents,16,17 but these studies have not explored the
unctional implications of Hh blockade in the setting of
xocrine injury. Confirming previous observations, we
emonstrate by using lineage tracing experiments that
ancreatic regeneration is mediated by mature acinar
ells through the formation of transient metaplastic ep-
thelium, expressing markers of pancreatic progenitor
ells (nestin, Pdx1). Furthermore, exocrine injury and
egeneration is characterized by early and profound up-
egulation of Hh components. Importantly, we find that
ither pharmacologic or genetic interruption of the Hh
athway leads to impaired regeneration of the injured
xocrine compartment, reinforcing a critical role for this
athway in pancreatic epithelial repair. Unexpectedly, we
emonstrate that blockade of Hh signaling has minimal

mpact on the ability of acinar cells to generate metaplas-
ic intermediates in response to injury; rather, absence of
h signaling leads to a “redifferentiation arrest,” in
hich the metaplastic intermediates continue to express
arkers of pancreatic progenitor cells, and fail to reacti-

ate an exocrine differentiation program. These findings
emonstrate a unique role for the Hh-signaling pathway

n the regulation of facultative pancreatic progenitor cells

nd suggest that, in addition to the established influence S
f Hh signaling on dedicated progenitor cell number,
his pathway may also have novel tissue-specific effects
n facultative progenitor cell function.

Materials and Methods
Induction of Experimental Pancreatitis
Either C57BL/6J wild-type mice (Charles River

aboratory, Wilmington, MA) or heterozygous Ptch1-LacZ
eporter mice18 were used for cerulein injection, with or
ithout concurrent cyclopamine treatment. To geneti-

ally abrogate the Hh pathway, 2 different Cre drivers
ere used for pancreas-specific depletion of Smoothened

Smo), a prerequisite for Hh signal transduction. First,
dx1-Cre/Smoflox/flox mice were created by crossing Pdx1-
re mice19 with C57BL/6J Smoflox/flox mice.11 Pdx1-Cre/
mo�/flox offspring were then backcrossed with Smoflox/flox

ice to generate Pdx1-Cre/Smoflox/flox mice. Similarly, ta-
oxifen-inducible elastase (Ela)-Cre-ERT2 mice20 were

sed for generating Ela-Cre-ERT2/Smoflox/flox mice; admin-
stration of tamoxifen results in Cre activation under
lastase1 regulatory elements, leading to recombination

n the mature exocrine (acinar) compartment. Heterozy-
ous Pdx1-Cre/Smoflox/� and Ela-CreERT2/Smoflox/� were
sed as controls. Exocrine injury was induced by 8 day-
ime doses (50 �g/kg, intraperitoneally) of cerulein (MP
iomedicals, Aurora, OH) in 0.2 mL phosphate-buffered
aline (PBS), 1 hour apart over 2 consecutive days. The
nal day of cerulein injection was defined as d0. Each
xperimental group contained 5 PBS-injected control
ice and 15 transgenic mice (15 Ptch1-lacZ reporter
ice, 15 tamoxifen induced Ela-CreERT2/Smoflox/flox mice,

nd 15 Pdx1-Cre/Smoflox/flox mice, respectively) receiving
erulein. Age-matched transgenic mice were used as con-
rol. Please refer to Supplementary Methods for addi-
ional details on tamoxifen induction and optimization
f cyclopamine dosing in vivo (see Supplementary Meth-
ds online at www.gastrojournal.org).

Immunolabeling and Reverse-Transcription
Polymerase Chain Reaction
For immunolabeling, tissues were stained as pre-

iously described.21 Concentrations and source of pri-
ary antibodies are listed in Supplementary Table 1 (see

upplementary Table 1 online at www.gastrojournal.org).
luorescence confocal microscopy was performed with a
onfocal laser scanning microscope (410LSM, Zeiss,
hornwood, NY) using 40� (NA 1.2) C-apochromat or
00� (NA 1.4) objectives. Quantification of injury sever-

ty was assessed by quantifying immunofluorescence im-
ge intensity profiles across replicate 2-dimensional (2D)
ptical sections following staining for amylase and DAPI.
issue from Ptch1-LacZ reporter mice was processed for
-gal staining as described.11 One-step multiplex Taq-
an real-time PCR was performed using an ABI 7700
equence Detector System (Applied Biosystems, Foster

http://www.gastrojournal.org
http://www.gastrojournal.org
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August 2008 HEDGEHOG SIGNALING IN PANCREATIC REGENERATION 623
ity, CA). Expression of Shh, Ihh, Ptch, Gli1, Smo, and was
valuated with PGK as internal control. Relative gene
xpression was determined based on corresponding
hreshold cycle (Ct) values, as previously described.22 Lev-
ls in treated mice (cerulein alone or cerulein � cyclo-

igure 1. Cerulein-induced exocrine pancreatic injury is characterized b
–D: Histologic progression of cerulein-induced pancreatic epithelial inju
f mouse pancreatic tissue harvested on indicated day following final in

panel B), with gradual abatement and onset of regeneration by day 5
xocrine regeneration is accompanied by robust proliferation assesse
igher BrDU incorporation is observed at day 2 in the exocrine compa
ositive epithelial cells following cerulein-mediated injury. In untreated p
esenchymal cells. By 16 hours (J), multiple E-cadherin-positive cells (re
pithelial compartment. Nestin expression is observed in the metaplastic du
amine) were presented as a ratio to levels detected in
ntreated mice. The data reported represent means � SE

rom multiple determinations obtained from 3 or more
eparate experiments. Statistical significance was as-
umed for P � .05.

liferative regeneration and expansion of nestin-expressing cells. Panels
d regeneration. Images represent representative H&E-stained sections
n of cerulein. The peak of exocrine injury is observed at around day 2
el C), and near complete restitution by day 7 (panel D). Panels E–H:
BrDU incorporation. Compared with control pancreata, over 50-fold
nt (panel H). Panels I–L: Expansion of nestin-expressing, E-cadherin-
as (I), nestin expression is confined to occasional E-cadherin-negative
in for nestin (green), consistent with nestin up-regulation in the residual
y pro
ry an
jectio
(pan

d by
rtme
ancre
d) sta
ctal intermediates seen at 40 hours (L).
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Results
Exocrine Pancreatic Injury Is Associated With
Proliferative Regeneration and Expansion of
Nestin-Expressing Epithelial Population
After a 2-day protocol of cerulein injections as

reviously described,4 all treated animals developed se-
ere exocrine pancreatic injury, with near complete loss
f acinar cells on day 2 following cerulein injection and
ear complete recovery by day 7 (Figure 1A–D). As pre-
iously described, the process of regeneration involved
he transient expansion of metaplastic epithelium, fol-
owed by restoration of acinar cell mass. Although tran-
ient, this metaplastic epithelium appears similar to what
as been previously described as type 1 tubular com-
lexes (TC1) when observed in the setting of chronic
ancreatitis.8 Lineage tracing and morphometric studies
ith “tagging” of acinar cells in Ela-CerERT;Z/AP mice are
etailed in Supplementary Figures 1 and 2, respectively

see Supplementary Figures 1 and 2 online at www.
astrojournal.org). The acinar derivation of the transient
etaplastic epithelium was confirmed by the lineage trac-

ng studies. Regenerating epithelium was found to be
ighly proliferative, with a greater than 50-fold increase

n rate of BrdU incorporation observed on day 2 follow-
ng cerulein injection (Figure 1E–H). To clarify further
he nature of this proliferating epithelium, we performed
mmunofluorescent staining for nestin, an intermediate
lament known to be expressed in exocrine progenitor
ells in developing mouse pancreas, as well as following
cinar cell dedifferentiation in vitro.6,21 We observed early
nd widespread up-regulation of nestin in E-cadherin-
xpressing epithelial cell compartment following cerulein
njury, including within metaplastic ductal lesions (Fig-
re 1J–L). In contrast, nestin expression in uninjured
ancreas was restricted exclusively to E-cadherin-negative
esenchymal elements (Figure 1I), as described.21

Hh Pathway Is Activated During Acute
Exocrine Pancreatic Injury and Regeneration
Immunohistochemical staining for Shh revealed

o detectable expression in the ductal, acinar, or islet
ompartments of uninjured pancreas (Figure 2A). In con-
rast, Shh was widely expressed following cerulein-in-
uced injury, with expression noted in residual acinar
ells as well as in regenerating metaplastic epithelium.
nhanced expression of Shh began as early as day 1
ostinjection, was persistent at day 2, but abated signif-

cantly by day 5 (Figure 2B–D). In concert with completed
egeneration of the exocrine pancreas, no Shh expression
as observed at day 7, similar to the lack of Shh expres-

ion observed in control mice (data not shown). Cerulein-
dministration in heterozygous Ptch1-LacZ reporter mice
lso permitted us to monitor the spatiotemporal distri-
ution of cells responding to up-regulated Shh ligand. In
ontrol mice, immunofluorescent staining for �-galacto-

idase activity confirmed absence of detectable expression 1
n the E-cadherin-expressing epithelial compartment
Figure 2E). In contrast, marked �-galactosidase expres-
ion was identified in regenerating exocrine pancreas,
aralleling the course of cerulein injury and recovery
uring days 2 through 5 (Figure 2F–H). Additional char-
cterization of Hh pathway activity following cerulein
njury was performed using semiquantitative as well as
uantitative real-time polymerase chain reaction (PCR)
nalysis to assess expression of Hh ligand (Ihh), Hh re-
eptor (Smo), and Hh-regulated genes (Ptch1 and Gli1)
ecause reliable antibodies for these components are not
eadily available. These studies confirmed up-regulation
f multiple Hh pathway components in the course of
ancreatic injury and regeneration (Figure 2I–K).

Cyclopamine Abrogates Cerulein-Induced
Up-Regulation of Hh Signaling
Given the transcriptional and immunohistochem-

cal evidence suggesting widespread activation of Hh sig-
aling following pancreatic exocrine injury (Figure 2), we
ext explored the effects of perturbation of this pathway

n the setting of injury. Cyclopamine, a steroidal alkaloid,
nhibits Hh signaling through direct interaction with
moothened.23 Cerulein treatment of adult Ptch1-LacZ re-
orter mice leads to dramatic, transient up-regulation of
h signaling on day 2, which returns to baseline by day
(Figure 3A–D). In contrast, no up-regulation is observed in
ice treated concurrently with cerulein and cyclopamine

Figure 3E–H). Quantitative real-time PCR for the Hh target
li1 demonstrated significant up-regulation in mice treated
ith cerulein only, whereas, in cerulein plus cyclopamine

reated mice, this up-regulation was minimal (Figure 3J).
eal-time PCR for another Hh target gene, Ptch, mirrored

he pattern observed with Gli1 (see Supplementary Figure
A online at www.gastrojournal.org). In contrast, whereas
xpression of Hh ligand transcripts (Shh and Ihh) was
p-regulated in response to cerulein injury at day 2,
yclopamine failed to abate ligand transcript levels, con-
istent with the actions of this small molecule inhibitor
t the level of smoothened (see Supplementary Figure 3 B
nd C online at www.gastrojournal.org). These experi-
ents confirmed our ability to achieve effective pharma-

ologic blockade of Hh signaling during pancreatic in-
ury in vivo.

Pharmacologic Blockade of Hh Signaling
Impairs Epithelial Regeneration Following
Cerulein-Mediated Pancreatic Injury
We compared pancreatic tissue from mice treated

ith cerulein only versus mice treated with cerulein and
yclopamine to determine whether blockade of Hh sig-
als affects the severity of injury, the effectiveness of
egeneration, or both. We detected no demonstrable dif-
erences in the extent of exocrine injury in the cyclopa-

ine-treated and untreated groups, as assessed on day 2
see and compare Supplementary Figure 4A with Figure

B online at www.gastrojournal.org). In contrast, there

http://www.gastrojournal.org
http://www.gastrojournal.org
http://www.gastrojournal.org
http://www.gastrojournal.org
http://www.gastrojournal.org
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August 2008 HEDGEHOG SIGNALING IN PANCREATIC REGENERATION 625
as significant impairment of pancreatic regeneration in
yclopamine-treated mice, with a marked reduction of
ifferentiated acinar cells persisting even at day 7 (see
upplementary Figure 4C online at www.gastrojournal.org),
 time point at which Hh-competent pancreatic tissue
emonstrated near complete regeneration. To confirm
urther that day 7 phenotype caused by cyclopamine
retreatment was due to impaired regeneration, rather
han more severe initial injury, we quantified cross-sec-
ional areas of amylase expression in cerulein-treated
ersus cerulein plus cyclopamine-treated mice (see Sup-
lementary Figure 4D–G online at www.gastrojournal.

igure 2. Cerulein-induced exocrine pancreatic injury is characterized
istochemical staining demonstrates injury-associated up-regulation o
anels E–H: Temporal evolution of Hh pathway activation during cer
ancreatic tissue harvested from Ptc-lacZ reporter mice. No exocrine
BS-treated pancreata (panels A and E). Shh ligand expression and Hh
, respectively), with abatement by day 5 (panels D and H, respect
erulein-treated mice demonstrates profound up-regulation of the Hh t

panel J), in the injured pancreata. When normalized to the correspond
athway components begins as early as 2 hours, reaching peak levels b
tandard error of the mean for each measurement. X-axis: hours after las
ice. Panel K: Semiquantitative RT-PCR assay confirms similar up-reg

erulein (time of harvest after last cerulein injection is indicated above e
rg) . Using confocal microscopy, we compared the expres- b
ion of DAPI and amylase on days 2 and 7 in cerulein-
njured pancreatic tissue from mice treated with and with-
ut cyclopamine and generated fluorescence intensity
rofiles across replicate 2D optical sections. We found no
uantitative difference between cerulein versus cerulein plus
yclopamine-treated mice in the loss of amylase expression
n day 2 (see Figure 5M) but did observe a dramatic differ-
nce in amylase expression on day 7, reflecting impaired
egeneration in the setting of Hh pathway inhibition
see Supplementary Figure 4D–G online at www.gas-
rojournal.org, and see Figure 5N).

The impaired exocrine regeneration was accompanied

ansient activation of the Hh-signaling pathway. Panels A–D: Immuno-
expression with subsequent down-regulation following regeneration.

-mediated injury and regeneration, as assessed by X-gal staining of
ession of Shh ligand or evidence of Hh pathway activation is seen in

ay activation are observed at days 1 and 2 (panels B and C and F and
Panels I and J: Quantitative real-time PCR on RNA obtained from

riptional target Gli1 (panel I), as well as a second Hh ligand, Indian Hh
ranscript levels in PBS-treated mouse pancreata, up-regulation of Hh
en 48 and 64 hours following final cerulein injection. Error bars indicate
lein injection; y-axis: relative fold expression normalized to PBS-treated
n expression of Smo and Ptch1 within 2 hours following final dose of

ane; �-actin is used as loading control).
by tr
f Shh
ulein
expr
pathw
ively).
ransc
ing t
etwe
t ceru
ulatio
y abnormal persistence of extraislet Pdx1-expression,6,24

http://www.gastrojournal.org
http://www.gastrojournal.org
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http://www.gastrojournal.org


i
w
r
P
a
l
o
c
j
d
n
H
f
o

d
m
r
H
e
d
t
d

F
a
h
a
d
p
m
r
t
c EM.

B
A

SIC
–LIV

ER
,

P
A

N
C
R
EA

S,
A

N
D

B
ILIA

R
Y

TR
A

C
T

626 FENDRICH ET AL GASTROENTEROLOGY Vol. 135, No. 2
mplying the ongoing presence of metaplastic epithelium
ith a progenitor-like phenotype, even at day 7 postce-

ulein injury (Figure 4). As previously reported,4 the
dx1-expressing metaplastic lesions were amylase neg-
tive and E-cadherin positive, confirming their epithe-
ial nature; their acinar derivation was suggested by the
ccasional presence of amylase, E-cadherin, and Pdx1
oexpressing acinar structures within the field of in-
ury. These data suggest that, whereas Hh signaling
oes not influence the initial severity of injury, and is
ot required for the formation of metaplastic lesions,
h pathway activity is required for subsequent “redif-

erentiation” events required for effective regeneration

igure 3. Cyclopamine abrogates cerulein-induced up-regulation of th
lone (Cae) or with cerulein plus cyclopamine (Cae � Cyc), and histo
arvested pancreata. Widespread but transient up-regulation of �-ga
ctivation of the Hh-signaling pathway. �-galactosidase over expressio
own-regulated on days 3 and 7 (panels C and D), coinciding with exoc
lus cyclopamine (panels E–H) shows minimal activation of �-galactos
ice (panel I). Further documentation of the diminished Hh response

eal-time PCR for Gli1 transcripts (panel J), using pancreata harvested
reatment (Cae � Cyc, brown bars). X-axis indicates day following fi
ompared with PBS-treated control mice. Values represent mean � S
f acinar cell mass. t
Genetic Abrogation of Hh Signaling in the
Exocrine Pancreas Is Also Associated With
Impaired Regeneration

To confirm that the impaired regeneration in-
uced by cyclopamine was Hh-specific, and also to deter-
ine the specific cell type in which Hh signaling was

equired, we pursued 2 additional genetic strategies for
h pathway inhibition. Both strategies were based on the

stablished finding that smoothened is the key signal trans-
ucer for Hh and, therefore, that loss of smoothened func-
ion results in abrogation of Hh activity.23 Using Cre
river mice to ablate a floxed smoothened allele either

signaling pathway. Ptc1-LacZ reporter mice were treated with cerulein
ical staining for �-galactosidase was performed on whole mounts of
sidase is seen in cerulein-treated mice (panels A–D), consistent with
gins on day 1 (panel A), peaks at day 2 (panel B), and is progressively
egeneration. In contrast, pancreatic tissue from mice receiving cerulein
activity compared with baseline expression observed in PBS-treated

ociated with cyclopamine treatment was obtained using quantitative
cerulein treatment alone (Cae, blue bars) or cerulein plus cyclopamine
erulein injection, and y-axis indicates relative fold expression of Gli1
e Hh-
chem
lacto
n be
rine r
idase

ass
after
nal c
hroughout the entire pancreatic epithelium (Pdx1-Cre)
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r specifically in adult acinar cells (Ela-CreERT2), we eval-
ated the effect of genetic interruption of Hh signaling
n pancreatic regeneration following cerulein injury. In
he Pdx1-Cre;Smoflox/flox mice, Cre-mediated loss of
moothened occurs through the developing pancreatic
pithelium such that multiple epithelial lineages (acinar,
uctal, and islet) are deficient in Hh signaling. Unexpect-
dly, the pancreata of Pdx1-Cre;Smoflox/flox mice were un-
emarkable at birth and remained so in young adult mice
hroughout the duration of study (6 – 8 weeks; data not
hown), implying that epithelial cell-specific loss of Hh

igure 4. Persistence of extrais-
et Pdx1 expressing metaplastic
ntermediates in cerulein pancre-
titis in the setting of pharmaco-

ogic blockade of Hh signaling at
ay 7 postcerulein injury. Pdx1 ex-
ression in the pancreata of mice
ith retained Hh activity is re-
tricted to the islet cells. In con-
rast, in the setting of Hh blockade
Cae �Cyc), persistent metaplas-
ic intermediates (E-cadherin pos-
tive, amylase negative) are seen
hat label with nuclear Pdx1 (green
hannel). Acinar derivation of the
etaplastic intermediates is sug-
ested by the occasional pres-
nce of amylase, E-cadherin, and
dx1 coexpressing acinar struc-

ures within the field of injury.
pecificity of Pdx1 labeling in the
pithelial compartment is con-
rmed by the presence of both
dx1-expressing (arrow) and
dx1-negative (arrowhead) struc-

ures within the same field.
ignaling may be dispensable for normal pancreatic de- s
elopment. In fact, the only discernible phenotype in
hese pancreata was revealed following cerulein injury, as
escribed below. Similarly, the pancreata of tamoxifen-

nduced Ela-CreERT2;Smoflox/flox mice were unremarkable
n the absence of cerulein-mediated injury. In contrast,

ice undergoing either multilineage or acinar cell-spe-
ific Cre-mediated deletion of smoothened demonstrated
n impaired regenerative response to exocrine injury,
dentical to that observed following treatment with cy-
lopamine (Figure 5D–F and 5G–I). As a comparison,
la-CreERT2;Smoflox/wt mice, which retain a functional
moothened allele, demonstrated a tissue regeneration re-
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Figure 5. Genetic interruption
of Hh signaling results in im-
paired tissue regeneration fol-
lowing cerulein injury. Panels
A–L: Representative H&E-
stained sections of mouse pan-
creas on days 2, 3, and 7 follow-
ing injection of either PBS or
cerulein. Pancreatic tissue was
harvested from either wild-type
(Wt) (panels A–C), Pdx1-Cre;
Smoothenedfl/fl (panels D–F),
Elastase1-CreERT2;Smooth-
enedfl/fl (panels G–I), or Elas-
tase1-CreERT2;Smoothenedfl/wt

(panels J–L) mice. In panels A–C,
PBS-treated wild-type mice
demonstrate no tissue response.
Analogously, tamoxifen-induced
Ela-CreERT2;Smoothenedlox/wt

heterozygous mice (panels J–L),
which retain Smoothened func-
tion, demonstrate a tissue regen-
eration response that is identical
to wild-type mice treated with
cerulein (see Figure 1), with a
peak of injury on day 2, and near
complete regeneration by day 7.
In contrast, interruption of Hh
signaling either throughout the
epithelial compartment (Pdx1-
Cre;Smoothenedfl/fl mice), or ex-
clusively in acinar cells (Elas-
tase1-CreERT2;Smoothenedfl/fl

mice), resulted in an impaired re-
generative response identical to
that observed following cyclo-
pamine treatment. Panels M and
N: Quantification of initial injury
and subsequent regeneration,
using 2D fluorescent intensity
profiles as demonstrated in Sup-
plementary Figure 3 (see Supple-
mentary Figure 3 online at www.
gastrojournal.org. (M) Similar re-
ductions in amylase staining are
observed in each group on day
2, indicating similar severity of ini-
tial cerulein-mediated injury in
each group. (N) Failure to regen-
erate amylase-expressing cells
on day 7 in the setting of either
pharmacologic or genetic block-
ade of Hh signaling. Either sys-
temic blockade of Hh signaling
by cyclopamine or deletion of
Smoothened either throughout
pancreatic epithelium or specifi-
cally in acinar cells results in fail-
ure to regenerate exocrine cell

mass.

http://www.gastrojournal.org
http://www.gastrojournal.org
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ponse identical to wild-type cerulein-treated mice, with
he peak of injury on day 2 and a return to baseline by
ay 7 (Figure 5J–L). These morphologic observations
ere borne out by quantitative image analysis (Figure 5M
nd N), wherein comparable loss of amylase expression
as observed at day 2 in all 4 treatment groups (cerulein
nly, cerulein plus cyclopamine, cerulein on a Pdx1-Cre;
moflox/flox background, and cerulein on a tamoxifen-

nduced Ela-CreERT2;Smoflox/flox background), confirming
o differences in the intensity of initial injury. In con-
rast, by day 7, exocrine regeneration returned to baseline
evels in the cerulein-treated wild-type mice, whereas the

ice with either pharmacologic or genetic abrogation of
h signaling continued to demonstrate a profound loss

f differentiated exocrine cells.

Discussion
Similar to prior reports,5,8 our study suggests that

ifferentiated Elastase-expressing cells are a source of
egenerating pancreatic epithelium in adult mouse pan-
reas and further demonstrate that an intact Hh pathway
s required for these cells to effectively regenerate acinar
ell mass. In contrast to other tissues in which Hh is felt
o be responsible for establishing progenitor identity and
egulating progenitor cell numbers,10,11,18,25,26 the role of
h signaling following cerulein-mediated injury appears

o be limited to regulation of progenitor cell function,
pecifically the ability of dedifferentiated acinar cells to
ontribute to tissue renewal. This role is exemplified by
he fact that, even in the face of either pharmacologic or
enetic Hh blockade, acinar cells remain fully able to
roliferate in response to injury (see Supplementary Fig-
re 5 online at www.gastrojournal.org). However, in the
bsence of Hh signaling, these metaplastic intermediates,
hich express markers of pancreatic progenitor cells,

xhibit an inability to redifferentiate, impairing the pro-
ess of tissue repair. Although these data suggest that
ifferentiated exocrine cells represent the primary source
f regenerating exocrine epithelium following cerulein

njury, they certainly do not exclude the presence of a
edicated progenitor pool that might be activated by
ther forms of injury.

The ability of differentiated cell types to act as effective
rogenitor cells has been well established in a variety of
ettings, including liver and �-cell regeneration in mam-

als1,3 and tail, limb, and corneal regeneration in am-
hibians.27–29 In many of these settings, differentiated
ell types undergo at least some component of dediffer-
ntiation and cell cycle reentry, followed by proliferative
xpansion of resulting progenitor cells and subsequent
egeneration of differentiated cell types. In this manner,
ifferentiated cells act as “facultative” or “situational”
rogenitors. The role of Hh signaling in modulating the
edifferentiation, proliferation, and redifferentiation of
acultative progenitors has been studied in detail in the

ontext of amphibian tail regeneration.27 Following tail g
mputation in axolotl salamanders, skin and muscle cells
djacent to the point of amputation undergo dedifferen-
iation to generate a wound blastema. Dedifferentiated
lastema cells subsequently proliferate and then rediffer-
ntiate to form cartilage, muscle, and dermis. During this
rocess, blastema cells display evidence of Hh pathway
ctivation as assessed by Patched1 expression. When this
h signal is blocked by cyclopamine, dedifferentiated

lastema cells are able to form but exhibit reduced pro-
iferation and fail to redifferentiate into muscle or carti-
age.28 Similarly, studies of newt lens regeneration, in
hich adjacent pigmented epithelial cells dedifferentiate
nd proliferate to form a new lens vesicle, suggest that
h is required for both the proliferation of dedifferenti-

ted progenitors and their subsequent redifferentiation
o form lens fibers.29

In contrast, the current results suggest that in mam-
alian pancreas, Hh signaling may play a more limited

ole in regulating progenitor-like cells, with a dominant
ffect on “redifferentiation” of metaplastic intermediates
hat arise from acini. This limited influence may reflect
eliance on other signaling pathways known to mediate
cinar cell dedifferentiation and proliferation, including
he epidermal growth factor and Notch pathways. The
pidermal growth factor receptor ligand transforming
rowth factor � is up-regulated following various forms
f pancreatic injury, including cerulein-mediated pancre-
titis,30,31 and previous studies have demonstrated the
bility of transforming growth factor � to induce acinar
ell dedifferentiation and generation of nestin-expressing
rogenitor cells.6,24 Notch pathway activation is capable of

nducing similar dedifferentiation events and appears to
ediate the effects of epidermal growth factor signaling

uring acinar cell dedifferentiation.32 Given the previously
eported activation of Notch signaling following cerulein-

ediated pancreatic injury,4 this epidermal growth factor-
otch axis would appear to play a dominant role in the

nitial response to pancreatic epithelial injury.
Of note, we did not detect any contribution of acinar

ell-derived progenitor cells to islet or ductal lineages
see Supplementary Figures 1 and 2 online at www.
astrojournal.org). Although this may reflect the fact that
slet and ductal elements are largely unaffected by ce-
ulein administration, additional studies involving direct
slet injury have similarly failed to identify in vivo “transdif-
erentiation” of acinar cells to nonacinar cell fates,5 con-
rasting with results reported when acinar cells are cultured
n vitro.33 In conjunction with recent studies by Strobel et al
onfirming the lack of transdifferentiation of mature islet
ells into acinar lineages in vivo,8 one can postulate that
transdifferentiation promiscuity” of mature compart-
ents in the pancreas is, for the part, fairly limited. In other
ords, while one cannot exclude transdifferentiation events

rom certain kinds of injury, at least in the setting of
erulein pancreatitis, “acini beget acini.” In the current study,

enetic labeling of acinar cells confirmed their dedifferenti-

http://www.gastrojournal.org
http://www.gastrojournal.org
http://www.gastrojournal.org
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tion to generate transient metaplastic epithelium but
ailed to demonstrate any contribution to mature ductal
pithelium. Many studies, including our own,34 have previ-
usly referred to this process of acinar cell dedifferentiation
s “acinar-to-ductal metaplasia,”35 reflecting the fact that
etaplastic epithelium exhibits a duct-like cross-sectional
orphology, and often stains positive for cytokeratins typ-

cally expressed in ductal epithelium. However, this meta-
lastic epithelium also exhibits expression of other genes
ot normally expressed in pancreatic ductal epithelium,

ncluding Pdx1 and Hes1, reflecting the dedifferentiated na-
ure of these cells.24,32 In the current study, we have there-
ore avoided the term “acinar-to-ductal metaplasia” and
avor the simple term “transient metaplastic intermediates”
o refer to the transient lesions generated following cerulein
njury.

In addition to providing new information regarding
he biology of acinar cell-derived progenitor cells, the
urrent study also provides potential insight regarding
echanisms of pancreatic tumorigenesis. Prior studies

ave demonstrated that Hh pathway activation repre-
ents a characteristic feature of pancreatic cancer.13,36,37

n addition to being required for exocrine pancreatic
ancer growth, Hh signaling seems to promote a non-
ancreatic gastrointestinal pattern of cellular differenti-
tion.22 Additional recent studies have demonstrated
hat forced Hh pathway activation in adult pancreas
nduces the formation of undifferentiated pancreatic car-
inoma and that Hh also cooperates with oncogenic
RAS to induce pancreatic cancer precursors.38 Based on

he fact that patients with chronic pancreatitis carry a
6-fold increased risk for pancreatic cancer,39 our obser-
ation of profound Hh activation following exocrine pan-
reatic injury may provide a mechanistic link between
hronic pancreatic injury and subsequent neoplasia.

Supplementary Data

Note: To access the supplementary material
ccompanying this article, visit the online version of
astroenterology at www.gastrojournal.org, and at doi:
0.1053/j.gastro.2008.04.011.
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Supplementary Data
Supplementary Methods

Tamoxifen-Induced Cre Activation
To induce recombination, Ela-Cre-ERT2/Smoflox/flox

ice were treated with 5 consecutive daily intraperitoneal
njections of 4-hydroxy-tamoxifen (2 mg per day in corn
il; Sigma Chemical Co, St. Louis, MO). For lineage
racing studies, Cre activation was induced by 2, 5-mg
njections (3 days apart) of tamoxifen (free base; Sigma)
n corn oil (Sigma), given to Ela-CreERT;Z/AP double
ransgenic mice, 2 weeks prior to cerulein-induced pan-
reatic regeneration.

Lineage Tracing and Morphometric
Assessment of Acinar Injury in Z/AP Mice
For lineage tracing studies, acinar cells and their

rogeny were genetically labeled using a previously de-
cribed Ela-CreERT line,1 and Cre-activated a Z/AP reporter.2

ice were harvested 1 day, 3 days, 5 days, and 7 days
ostcessation of cerulein treatment and analyzed for im-
unohistochemical markers and the AP lineage tracing

abel. For morphometric analyses, costaining of Hoechst
3342 nuclear dye and nitroblue tetrazolium chloride/5-
romo-4-Chloro-3=-Indolyphosphate p-Toluidine (NBT/
CIP) was performed on phosphate-buffered saline

PBS)-treated and cerulein-treated day 7 regenerated pan-
reata. Individual acini containing at least 1 AP-positive
ell were counted as positive and nonlabeled acini as
egative. Pancreata were harvested from tamoxifen-in-
uced Ela-CreERT;Z/AP mice for each condition (n � 2
BS treated, n � 3 cerulein treated). Pancreata were
ectioned completely; sections were taken at different
evels of the organ. A total of 18,010 (10,660 AP�, 7350
P� in 92 individual fields) acini were counted in day 7
erulein-treated pancreata, and 10,255 (6504 AP�, 3751
P� in 28 individual fields) acini were counted in the PBS
ontrols.

Cyclopamine Treatment
To confirm adequate silencing of the Hh pathway

fter cyclopamine therapy, we first treated Ptch1-LacZ
ice with different dosages of cyclopamine, administered

y oral gavage. Using expression of Hh target genes as a
ead out of cyclopamine effect, we measured the expres-
ion of Ptch1 and Gli1 in normal lung tissue by quanti-
ative real-time polymerase chain reaction (PCR). We
dentified a maximally tolerated dosage of 1.2 mg/day
iven in 2 divided doses per day over 2 days (total, 2.4
g), resulting in a 75%– 85% reduction of Ptch1 and Gli1

xpression. One group of 15 Ptch1-lacZ mice was treated
ith cyclopamine in addition to the cerulein treatment.
reatment with cyclopamine was initiated 2 days prior to

he cerulein treatment to ensure effective Hh pathway

lockade at the earliest stages of injury. a
Confocal and Fluorescent Microscopy
Fluorescence confocal microscopy was performed

ith a confocal laser scanning microscope (410LSM,
eiss) using 40� (NA 1.2) C-apochromat or 100� (NA
.4) objectives. The sections were scanned for Cy3 (exci-
ation, 543 nm) and FITC-tagged (excitation, 488 nm)

arkers. Sections (7 sections with images 512 � 512
ixels) were scanned at a pixel size of 0.07 �m and step
ize of 1 �m. Image analysis was performed using Meta-

orph series 5.0 software (Universal Imaging Corp, West
hester, PA). Quantification of injury severity was as-

essed by quantifying immunofluorescence image inten-
ity profiles across replicate 2D optical sections following
taining for amylase and DAPI.

Supplementary Results

Lineage Tracing Confirms Acinar Cell
De- and Redifferentiation During the Course
of Cerulein-Mediated Pancreatic
Regeneration
Based on the observed activation of Hh signaling

n acinar cells, we sought to determine rigorously
hether mature acinar cells were indeed the source of

egenerating cell types following cerulein injury. We per-
ormed a formal lineage tracing analysis of pancreatic
xocrine cells during cerulein-induced regeneration by
rossing ELA-CreERT mice with the lineage reporter Z/AP,
n which human placental alkaline phosphatase (hPLAP)
ecomes activated following recombination of the Z/AP
llele (Supplementary Figure 1). As previously described,1

nitial ELA-CreERT-induced labeling was restricted almost
xclusively to pancreatic acinar cells (Supplementary Fig-
re 1B), and no AP-labeling was observed in tamoxifen-

nduced Z/AP single transgenic mice (data not shown).
e then performed cerulein treatment of tamoxifen-

nduced bitransgenic mice and harvested pancreatic tis-
ue on days 1, 3, 5, and 7 for histologic analysis. In fully
egenerated day 7 pancreas, AP labeling continued to be
ssentially restricted to the acinar compartment, arguing
gainst the presence of significant acinar transdifferen-
iation events in the course of exocrine regeneration
Supplementary Figure 1E). Extremely few AP-positive
ells were observed in islets, and no AP-positive ductal
ells were observed in the day 7 pancreata (Supplemen-
ary Figure 1F–I). At intervening time points, AP-positive
ells corresponded to transient metaplastic intermedi-
tes, expressing acinar-specific lineage label (Supplemen-
ary Figure 1C and D). For example, utilizing pancreata
arvested at day 3, we confirmed the coexpression of
mylase with the AP lineage tracer, as well as with E-
adherin (data not shown), which is highly expressed in
he dedifferentiated exocrine population prior to exo-
rine restoration. No AP-positive/DBA-positive ductal
ells were observed at any time point, confirming the

bsence of acinar-ductal transdifferentiation. Similarly,
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o statistical increase in the extremely low-level AP label-
ng of cells inside islets was observed, arguing against
cinar-to-endocrine cell conversion (data not shown).

These results establish preexisting acinar cells as the
ource of regenerating acinar cell mass in the cerulein

odel. In this role, acinar cells contribute to transient
etaplastic intermediates and subsequently regenerating

cinar cells but do not transdifferentiate to an endocrine
ineage and do not contribute to definitive ductal epithe-
ium. Similar results have been observed during pancre-
tic regeneration following partial pancreatectomy.3 To
etermine whether any significant influx of unlabeled
ells into the exocrine cell pool might occur, we next
ounted the percentage of acini containing AP� cells as a
raction of total acini in day 7 harvested pancreata of PBS
ontrol and cerulein-treated animals (Supplementary
igure 2A–D). Any significant dilution of the labeled pool
ould indicate a nonacinar contribution (Supplementary
igure 2A). However, counting 	28,000 independent aci-
ar structures, we noted very similar labeling indices of
he exocrine compartment before (64.2%) and after
60.7%) cerulein administration (Supplementary Figure
B), arguing against any major contribution of nonla-
eled cells to the restored acinar pool.

Impaired Regeneration of Injured Pancreas
in the Setting of Hh Blockade Is Accompanied
by Sustained Proliferation
Further insight regarding the nature of the defect

n regeneration caused by blockade of Hh signaling was
btained by examining cellular proliferation, as assessed
y staining for phosphorylated histone H3 (pHH3), and
y assessing extraislet expression of Pdx1, a marker of
ndifferentiated pancreatic epithelial cells.4 By concur-
ently staining for pHH3 and the exocrine marker E-

adherin, we quantified the presence of dividing cells in
oth the exocrine and mesenchymal tissue compart-
ents during the course of exocrine regeneration (Sup-

lementary Figure 5). In PBS-treated pancreata, pHH3-
abeled cells were essentially absent (Supplementary
igure 5G). At day 1, mitotic activity in both treatment
roups was comparable and amounted to 4% of mesen-
hymal (E-cadherin negative) cells (Supplementary Fig-
re 5A, D, and G). At day 2, a near identical shift in the
ividing population occurred in both groups, with
HH3-positive, E-cadherin-expressing exocrine cells ac-
ounting for approximately 6% of the total cell popula-
ion, whereas the mesenchymal pHH3 expression de-
lined to less than 2% (Supplementary Figure 5B, E, and
). By day 7, the fraction of pHH3-positive cells exocrine

ells in the cerulein-treated group decreased to 2%. In
ontrast, 4% of exocrine cells continued to label positive
or pHH3 in the cerulein plus cyclopamine-treated mice
compare Supplementary Figure 5C, F, and G). Meta-
lastic intermediates persisting following cyclopamine
reatment also displayed increased apoptosis, as dem-
nstrated by immunohistochemical labelling for
leaved caspase 3 (data not shown) (Supplementary
igure 3 and 4).
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E-cadherin better reveal epithelial architecture.
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upplementary Figure 1. Preexisting acinar cells contribute to the
egenerating acinar cell mass but do not transdifferentiate into ductal or
slet elements. Panel A: Cre/lox strategy for genetically labeling acinar
ells and their progeny. CreERT activity is activated in Elastase1-ex-
ressing acinar cells following tamoxifen administration, resulting in
ctivation of AP expression. Panels B–G: NBT/BCIP detection of AP
ctivity before and after cerulein injury. (B) Uninjured control pancreas
emonstrates label confined to acinar cells. Label is also detected in the
ransitional metaplastic epithelium on day 1 (panel C) and day 3 (panel D)
ollowing injury, as well as in regenerated acinar cells (panels E–G) on
ay 7 following injury. Note absence of labeling in adjacent islet (panel F)
nd ductal epithelium (panel G). H and I represent immunofluorescent
taining of sections displayed in panels F and G using antibody against
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upplementary Figure 2. No dilution of the labeled acinar cell pool following injury and regeneration. Panel A: Hypothetical scenarios following
rreversible marking of the exocrine pool using pELA-CreERTM. Following recombination at the Z/AP transgene, exocrine cells are labeled. During the
ourse of regeneration following cerulein treatment, 3 scenarios, or a combination thereof, are possible. (1) The exocrine cell mass retains similar

abeling frequency, revealing exocrine cell replenishment from existing cells (left); (2) exocrine labeling frequency decreases, indicating influx of
onlabeled cells (center); and (3) the AP label is observed in nonexocrine cells, eg, ducts or islets, revealing transdifferentiation of exocrine cells to
hose fates (right). Panel B: Morphometric assessment of exocrine labeling frequency. A similar labeling index of the acinar pool is observed before
nd after cerulein treatment, arguing against dilution of labeled acinar pool. Values represent mean � SEM. This analysis was performed using
P/Hoechst nuclear dye costaining analysis, allowing the identification of individual acini and acinar cells (panel C, blue dots). Acinar units containing

t least a single AP-positive cell (panel D, yellow dots) were counted as positive and nonlabeled acini as negative (panel D, red dots).
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upplementary Figure 3. Cyclopamine abrogates cerulein-induced up-regulation of the Hh-signaling pathway. Quantitative real-time polymerase
hain reaction was performed for transcripts corresponding to various Hh components, including the Hh gene target Ptch (panel A), and the 2
rincipal Hh ligands Shh and Ihh (panels B and C), using pancreata harvested after cerulein treatment alone (Cae, blue bars) or cerulein plus
yclopamine treatment (Cae � Cyc, brown bars). X-axis indicates day following final cerulein injection, and y-axis indicates relative fold expression

f Hh transcripts compared with PBS-treated control mice. Values represent mean � SEM.
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upplementary Figure 4. Impaired exocrine regeneration in the setting of Hh blockade. In cerulein plus cyclopamine-treated mice (Cae � Cyc)
panels A–C), near total loss of exocrine acinar tissue persists even at day 7 (compare with Figure 1D). Panels D–G: Quantitative image analysis to
ssess the degree of persistent injury on day 7 in the 2 treatment groups, Cae and Cae � Cyc. Fluorescence intensity profiles were obtained across
D optical sections following immunofluorescent staining for amylase (panels E and G) and nuclear counterstaining for DAPI (panels D and F). Graphs
elow depict 2D intensity profiles for both DAPI and amylase in the cerulein (left) and cerulein � cyclopamine (right) groups. Note similar level of
ellularity between the 2 conditions, as indicated by similar DAPI fluorescence profiles, but dramatic reduction in the number of amylase-positive cells
ollowing treatment with cerulein � cyclopamine compared with cerulein alone, indicating reduced numbers of regenerated exocrine cells. For a
etailed tabulation of mean fluorescence intensities for DAPI and amylase in these 2 treatment groups, please refer to Figure 5N in printed text.
uantification of mean fluorescence intensities was performed as the area under the curve, representing the mean value and standard deviation for

fields (n � 3 fields analyzed/section; 3 sections analyzed/animal).
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upplementary Figure 5. Impaired regeneration of injured pancreas in the setting of Hh blockade is accompanied by sustained proliferation.
anels A–C and D–F: Assessment of cellular proliferation in cerulein (Cae) and cerulein � cyclopamine (Cae � Cyc) groups following immunofluo-

escent labeling for the exocrine marker E-cadherin (green), the mitosis marker phosphorylated histone H3 (pHH3) (red), and the nuclear marker DAPI
blue). In both groups, pHH3-positive cells appear on day 1 postcerulein injection (panels A and D) but are largely confined to E-cadherin-negative

esenchymal cells. By day 2, both groups demonstrate comparable numbers of pHH3-positive cells, now predominantly located in the E-cadherin-
ositive exocrine compartment (panels B and E). By day 7, there are nearly twice as many pHH3-labeled exocrine cells in the cerulein � cyclopamine
roup (panel F) compared with the cerulein group (panel C). A quantitative analysis of the proliferation indices (percentage of pHH3-positive
uclei/total nuclei) is presented in panel I; the details of quantification are described in the text. For each of the 3 time points (days 1, 3, and 7) in the
treatment groups, proliferation indices were calculated separately for the exocrine and interstitial compartments. No pHH3-labeled nuclei are seen
n PBS-treated control pancreas (panel G).
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upplementary Table 1. Concentrations and Source of Primary Antibodies

Antibody Species Working dilution Source

-E-cadherin Rat 1:200 Invitrogen, Carlsbad, CA
-IDX1 (PDX1) Rabbit 1:100 Chemicon, Temecula, CA
-phospho-histone H3 Rabbit 1:100 Upstate, Lake Placid, NY
-Amylase Rabbit 1:500 Sigma Chemical Co, St. Louis, MO
-Insulin Guinea pig 1:500 Novo-Nordisk, Princeton, NJ
-Glucagon Mouse 1:200 Dako, Glostrup, Denmark
-Shh Goat 1:50 R&D Sytems, Minneapolis, MIN
-Nestin Goat 1:500 Santa Cruz, Santa Cruz, CA

-Caspase 3 Rabbit 1:200 Cell Signaling, Danvers, MA
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