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Endocrine and exocrine insufficiencies are associated with 
serious diseases such as diabetes and pancreatitis, respec-
tively. Pancreatic cells retain the capacity to regenerate in 
the context of cell deficiency. The remnant pancreas after 
pancreatectomy (Px) is a valuable target for testing the 
efficiency of pharmacological interventions to stimulate 
cell regeneration. Here, we tested the ability of GSK3β 
downregulation on the stimulation of β- and acinar cell 
regeneration after 90% Px in adult rats. We developed 
an in vivo approach based on local silencing of GSK3β, by 
delivering antisense morpholino-oligonucleotides within 
the remnant pancreas of 90% pancreatectomized rats, 
and evaluated its impact on the regenerative potential 
of pancreatic β and exocrine cells. β-Cell (BC) mass was 
evaluated by morphometry. Cell proliferation and apop-
tosis were assessed by 5′bromo 2′deoxyuridine (BrdU) 
incorporation method and TUNEL assay, respectively. The 
expression of Sox9, Neurogenin-3 (Ngn3), and PDX1 
was evaluated by immunohistochemistry. We show that 
intrapancreatic GSK3β knockdown leads to increased BC 
mass (BCM) in 90% pancreatectomized rats by promot-
ing both BC proliferation and differentiation. Moreover, 
downregulation of GSK3β significantly improves exocrine 
growth and prevents acinar cell apoptosis in vivo. Our 
study designates GSK3β as a viable drug target for thera-
peutic intervention on diseases of endocrine and exocrine 
pancreas associated with cell deficiency.
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Introduction
Endocrine and exocrine insufficiencies are associated with serious 
diseases such as diabetes and pancreatitis, respectively. Although 
highly specialized, pancreatic cells retain the capacity to regenerate 
in the context of cell deficiency.1,2 Pancreas regeneration involves a 
complex coordinated cascade of signaling molecules which medi-
ates the regulation of compensatory cell growth. The identifica-
tion of such molecules is important if therapeutic approaches to 

promote tissue growth and renewal are to be devised. GSK3β is an 
ubiquitous serine/threonine kinase that participates to a wide vari-
ety of fundamental processes ranging from glycogen metabolism, 
insulin signaling, cell proliferation, neuronal function to embryonic 
development.3 On the basis of its primary activities in the devel-
opment of insulin resistance, diabetes4,5 and other disorders such 
as Alzheimer’s disease,6 GSK3β has emerged as a promising target 
for developing new drugs for the treatment of adult-onset chronic 
and progressive diseases.7,8 Recently, another line of evidence has 
shed light on the growth regulatory properties of GSK3β in pan-
creatic β cells (BC). Elegant transgenic studies from Permutt’s 
group reported that GSK3β overexpression in mice induces β-cell 
(BC) mass restriction and the development of diabetes.9 Moreover, 
genetic disruption of GSK3β in BCs results in increased BC mass 
(BCM)10 and prevents fat feeding-induced diabetes in mice.11

This prompted us to test the therapeutic benefits of GSK3β 
inhibitors in the replenishment of both exocrine and endocrine 
cell mass in adult animals with severe pancreatic cell deficiency.

We developed an in vivo approach based on intrapancreatic 
silencing of GSK3β by local administration of anti-GSK3β mor-
pholino-oligonucleotides within the remnant pancreatic tissue 
of 90% pancreatectomized rats, and evaluated its impact on the 
regenerative potential of BCs and exocrine cells of the pancreas.

We showed that in situ knockdown of GSK3β promotes both 
exocrine and endocrine regeneration by the stimulation of cell 
proliferation and neogenesis. This study designates GSK3β as a 
promising target for therapeutic intervention on diseases of endo-
crine and exocrine pancreas associated with cell deficiency.

Results
Morpholino-oligonucleotide treatments were well 
tolerated by Px rats
First we showed that GSK3β-AS, Std, or LiCl treatments in Px 
rats were not associated with any general or local adverse effects 
and did not alter the basic physiological parameters such as body 
weight and basal glycemia in comparison with saline-treated 
(Supplementary Table S1) or untreated rats (data not shown).

The above reagents (anti-GSK3β morpholino-oligonucleotides, 
nonspecific standard morpholino-oligonucleotides, LiCl or saline 
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solution) were administered within the parenchyma of the remnant 
pancreas immediately after 90% pancreatectomy (Px) and consti-
tuted the Px/GSK3β-AS, Px/Std, Px/LiCl, and Px/NaCl groups, 
respectively (see Materials and Methods section). The non-regenera-
tive condition was represented by a group of non-pancreatectomized 
rat injected by saline solution within the pancreatic region equiva-
lent to the remnant pancreas (Sham/Saline group).

Intrapancreatic morpholino-oligonucleotides 
administration efficiently reduced the levels of GSK3β 
protein within the remnant pancreas
The morpholino-oligonucleotides (Gene Tools, Philomath, OR) 
used in this study act by blocking the translation initiation in the 
cytosol,12,13 resulting in the inhibition of the production of the target 
protein. We verified the efficiency of morpholino-oligonucleotides 
in the reduction of GSK3β protein levels in lysates of pancreatic 
remnants, 8 and 48 hours after GSK3β-AS administration, and 
found a significant decrease of GSK3β protein levels at both time-
points in this group compared to Sham/Saline and Px/Std groups 
(Figure 1a). To verify that this effect was restricted to the pancre-
atic tissue, we measured by western blot the levels of GSK3β in the 
liver extracts of Px/GSK3β-AS animals and found no significant 
changes in the levels of this protein compared to that of Px/Std or 
Sham/Saline groups (data not shown).

GSK3β knockdown stimulates BC regeneration 
in 90% Px rats
To examine the effect of GSK3β knockdown on BC regeneration, we 
measured the BCM after surgery in Px rats treated with LiCl, a well 
known inhibitor of GSK3β (7 days postoperative) or with GSK3β-AS 
(7 and 28 days postoperative). The BCM was significantly (P < 0.01) 
increased in the Px/LiCl compared to Px/Saline control group 
(1,324 ± 69 µg/remnant pancreas versus 580 ± 60 µg/remnant pan-
creas, respectively). The comparison of the BCM at day 7 after sur-
gery between GSK3β-AS and Std-treated rats showed a significant 
increase of this parameter in the former group compared to the latter 
(Figure 1b,c). The measurement of the BCM at day 28 after surgery 
revealed that the increment in the BCM found in Px/GSK3β-AS 
group on day 7, was still apparent at this time-point when com-
pared to the Px/Std group (Figure 1c). We have measured the BCM 
in a group of Px rats treated with saline solution (Px/Saline group) 
and found no significant difference in this parameter between this 
group and the Px/Std group (data not shown), excluding artifactual 
effects of nonspecific Std morpholino-oligonucleotides on the BCM. 
Therefore for the following studies only Px/Std group has been used 
as control for comparison with the Px/GSK3β-AS group.

In order to investigate the mechanisms underlying the activa-
tion of BC regeneration, we measured individual BC surface area, 
BC replication, neogenesis, and apoptosis.

The individual BC surface area measured 48 hours after 
surgery was similar between the Sham/Saline, Px/Std, and Px/
GSK3β-AS groups (135 ± 4 µm2, 140 ± 3 µm2, and 139 ± 5 µm2, 
respectively), ruling out the participation of BC hypertrophy to 
the increase of the BCM.

BC replication was dramatically increased 48 hours after Px 
in the Px/GSK3β-AS group compared to Px/Std and Sham/Saline 
groups (Figure 2a,b).

Next, we evaluated the expression of Sox9, a marker of pan-
creatic progenitor cells, in pancreatic sections double-stained 
for cytokeratin 20 (CK20) (a marker of rat ductal cells) and 
for Sox9.

Figure 1  GSK3β downregulation and its effect on the β-cell mass. 
(a)  Western blot analysis of GSK3β in the pancreatic extracts from 
Sham/Saline, Px/Std, and Px/GSK3β-AS rats, 8 and 48 hours after sur-
gery. Three pancreases were analyzed per group. *P < 0.05; **P < 0.01 
for comparison between Px/GSK3β-AS and other groups. NS, not sig-
nificant. (b)  β-Cell immunolocalization by insulin staining (brown) in 
the pancreases of Px/Std and Px/GSK3β-AS rats, 7 days after surgery. 
Black arrows show insulin-positive areas. Bar: 50 µm. (c) Morphometric 
analysis of the β-cell mass on day 7 and 28 after surgery. The β-cell mass 
was calculated by multiplying the relative β-cell surface area by the pan-
creatic wet weight. Five to eight rats were analyzed per experimental 
group. *P < 0.05; **P < 0.01 for comparison between Px/GSK3β-AS and 
other groups. $P < 0.05; $$P < 0.01 for comparison between Px/Std and 
Sham/Saline group.
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In Sham/Saline animals, Sox9+ cells represented a subset but 
not all of ductal and centroacinar cells. 90% Px induced a striking 
increase of the number of Sox9+ cells in the pancreases of Px rats 
compared to sham-operated animals (Figure 3a,b). The number 
of Sox9+ cells in the Px/GSK3β-AS group was significantly higher 
than that found in Sham/Saline animals, but similar to that of Px/
Std rats (Figure 3b).

We next assessed the expression of Neurogenin-3 (Ngn3). In 
agreement with the literature, no Ngn3+ cell was detected in the 
pancreas of sham-operated rats. In contrast, we did observe posi-
tive cells in sections stained with Ngn3 antibody in Px/GSK3β-AS 
and Px/Std groups (Figure 3c). The quantification of Ngn3+ duc-
tal cells (CK20+) revealed a significant increase of the number 
of these cells in the Px/GSK3β-AS rats compared to Px/Std rats 
(Figure 3d).

We next assessed the expression of PDX1 in non-islet areas 
in pancreatic sections. We found that following Px, PDX1 was 

induced in a subset of ductal cells, but also frequently enough in 
some acinar cells. Importantly, the number of PDX1+/insulin– 
cells was significantly increased in Px/GSK3β-AS compared to 
Px/Std group (Figure 4a,b).

The most striking difference regarding PDX1 expression 
between Px/GSK3β-AS and Px/Std groups was seen in regions 
described as focal areas of regeneration (Figure 4a).14,15

As an ultimate feature of BC neogenesis, we also evaluated the 
number of isolated β cells within the ducts, or scattered within 
the exocrine parenchyma. We found a significant increase of the 
total number of such cells in the Px/GSK3β-AS compared to Px/
Std group implying the stimulation of BC differentiation in this 
group (Figure 4c).

We next assessed BC apoptosis by TUNEL assay followed by 
insulin staining of the pancreatic sections. The number of apop-
totic BCs was low in the pancreas of Sham/Saline animals. BC 
apoptosis was not induced by Px and it remained unchanged in 
Px/GSK3β-AS rats (Figure 4d).

GSK3β knockdown stimulates exocrine regeneration 
in 90% Px rats
In order to evaluate the effect of GSK3β knockdown on exocrine 
regeneration, we first examined ductal and acinar cell prolifera-
tion by staining the pancreatic sections for CK20/BrdU and amy-
lase/BrdU, respectively.

Both ductal (Figure 5a) and acinar proliferation (Figure 5b,c) 
were found to be increased in the Px/GSK3β-AS rats compared to 
Px/Std and Sham/Saline rats, indicating that GSK3β knockdown 
has mitogenic effects not only on β cells but also on the exocrine 
pancreatic cells. During development, acinar and endocrine cells 
differentiate from precursor cells located in the ductal network. It 
has been proposed that the 90% Px model recapitulates pancreas 
ontogenesis.16 Therefore, as a hallmark of acinar differentiation, we 
counted the number of amylase + single cells or small cell clusters 
(<4 cells) budding from ducts, 48 hours after surgery (Figure 6a) 
We showed that acinar cell neogenesis was increased in Px/Std 
group compared to Sham/Saline group and importantly, this pro-
cess was further stimulated after GSK3β knockdown (Figure 6b).

Finally, we assessed acinar and ductal cell apoptosis. We found 
virtually no apoptotic ductal cells in the sections from any group. 
However, acinar cell apoptosis, which was found to be low in 
Sham/Saline animals, was increased 48 hours after surgery in the 
Px/Std animals (Figure 6c,d). Interestingly, we show that apopto-
sis of acinar cells was prevented by GSK3β knockdown, as its rate 
in Px/GSK3β-AS rats returned to a value similar to that found in 
the Sham/Saline animals (Figure 6c,d).

DISCUSSION
The mature pancreas has a great potential for regeneration. Partial 
Px in rodents is one of the best models to illustrate this phe-
nomenon and represents a unique tool to study the dynamic of 
controlled cell growth in vivo. The remnant pancreas after Px is 
a valuable target for testing the therapeutic potential of growth-
promoting molecules,17 as demonstrated by pharmacological 
interventions aimed at the stimulation of BC regeneration in this 
model.18 However, studies on tropic agents for the enhancement of 
exocrine regeneration are scarce.
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Figure 2  β-Cell proliferation 48 hours after surgery. (a) 5′Bromo 
2′deoxyuridine (BrdU) incorporation in β-cells was assessed by double-
staining for BrdU (brown nuclei) and insulin (red cytoplasm). Blue arrows 
show BrdU-positive β-cells. Bar: 50 µm. (b) BrdU-positive β cells were cal-
culated as the percentage of total β cells. Five to eight rats were analyzed 
per experimental group. *P < 0.05; **P < 0.01 compared with other 
groups. $$P < 0.01 compared with Sham/Saline group.
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In the present study we attempted to determine whether 
intrapancreatic GSK3β downregulation represents an efficient 
means to promote BC and acinar-cell regeneration after 90% Px 
in adult rats.

GSK3β is a nodal partner of PI3K/AKT and Wnt signaling 
pathways3,19 which acts as a suppressor of cell growth and survival 
in a variety of tissues.

Over the past few years, there has been much interest within 
diabetes pharmaceutical industry, in identifying compounds 
that inhibit GSK3 as possible insulin mimetic sensitizing 
drugs, especially in muscle.20 Only recently, a key role of this 
enzyme as a negative regulator of BC growth and survival has 
been reported,9–11,21,22 providing us the rationale for the inves-
tigation of the benefit of GSK3β inhibitors in the recovery of 
the BCM in vivo, in the setting of cell deficiency. In a previous 
study, we have shown that BC regeneration can be promoted by 
systemic administration of GSK3β inhibitors to streptozotocin-
induced neonatal diabetic rats.21 However systemic administra-
tion of GSK3β inhibitors, like any other bioactive molecule 
does not allow to address their direct effects in a tissue-specific 
manner. Therefore, in the present study, our approach was to 
knockdown GSK3β locally within the pancreatic remnant tis-
sue. We used antisense morpholino-oligonucleotides to silence 
GSK3β. This  approach is highly specific and as shown by us 
and others,21,23 proved to be nontoxic and well tolerated by the 
animals.

Here, we report a significant activation of BC regenera-
tion following GSK3β knockdown. Importantly, we show that 
the increased BCM after GSK3β downregulation is sustained 4 
weeks after the end of the treatments, surely as a consequence 
of early increase of the number of newly generated β cells dur-
ing the first days after GSK3β-AS administration. In order to 
identify the underlying mechanisms of the increased BCM, we 
studied BC proliferation, neogenesis, and apoptosis. BC prolif-
eration was dramatically stimulated in the Px/GSK3β-AS group 
compared to Px/Std and Sham/Saline groups. This was in keep-
ing with previous works reporting mitogenic effects of GSK3β 
inactivation both in vivo and in vitro.9–11,21–22,24 We next explored 
the process of BC neogenesis. Although the mechanisms of BC 
regeneration in the adult pancreas are still subject of controver-
sies,25 it is believed that tissue regeneration following partial Px 
recapitulates embryonic development of the pancreas,16 includ-
ing cell differentiation from a common reservoir of progeni-
tor cells. Members of the Sox transcription factor family have 
been implicated in the maintenance of the pluripotence of pro-
genitor cells in tissues. In the pancreas, Sox9 has emerged as a 
marker of pluripotent progenitor cells during development.26,27 
We examined the expression of Sox9, in response to 90% Px and 
its possible modulation by GSK3β inactivation. Interestingly, 
we found that 90% Px resulted in a striking induction of Sox9 
expression 48 hours after surgery when compared to Sham/
Saline animals. This finding, consistent with a recent study by 
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Figure 3 E xpression of progenitor cell markers 48 hours after surgery. (a) Sections were double-stained for Sox9 (brown nuclei) and CK20 (red 
cytoplasm). Blue arrows show Sox9-positive ductal cells. Black arrows show Sox9-negative ductal cells. Red arrow shows a Sox9-positive centroacinar 
cell. Bar: 50 µm. (b) Sox9-positive/CK20-positive cells were counted and results were expressed as number per µm2 section area. *P < 0.05, $$$P < 
0.001. Four rats were analyzed per experimental group. (c) Sections were double-stained for CK20 (red cytoplasm) and Ngn3 (brown nuclei). CK20 
staining was usually weaker in the common pancreatic duct than in smaller ducts. Blue arrows show Ngn3-positive ductal cells. Bar 50 µm. (d) Ngn3-
positive ductal cells were calculated as the percentage of total ductal cells. *P < 0.05 compared with Px/Std group. Ngn3 expression was absent in 
Sham/Saline group. *P < 0.05. Four to 6 rats were analyzed per experimental group.
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Li et al., supports the hypothesis that pancreatic regeneration 
involves the activation of pluripotent progenitor cells,16 a sub-
set of which could subsequently undergo exocrine or endocrine 
differentiation under appropriate stimuli. Regarding the modu-
lation of Sox9 expression by GSK3β inactivation, we could not 
reveal any significant difference between the Px/GSK3β-AS and 
Px/Std groups. It is likely that severe injury induced by Px per 
se was sufficient to maximally induce Sox9 expression at a pla-
teau level, which could not be further enhanced by GSK3β-AS 
manipulation.

We next went on to explore the impact of GSK3β inactiva-
tion on markers of BC neogenesis and examined the expres-
sion of key transcription factors Ngn3 and PDX1, known to be 
involved in this process. Under normal conditions, Ngn3, a mas-
ter transcription factor in the commitment of progenitor cells 
into endocrine path, is transiently expressed in the endocrine 
progenitor cells during pancreas development.28 Thereafter, its 
expression ceases, while committed pro-endocrine cells prog-
ress through α, β, Δ, or PP differentiation. Accordingly, in our 
study, Ngn3 expression was absent in the pancreas of sham-
operated adult animals. Forty eight hours following Px, Ngn3 
expression was moderately activated in the remnant pancreas 
of Px/Std rats. This was inconsistent with a work by Lee et al., 
showing that Ngn3 expression was not induced by partial Px.29 
This discrepancy could be explained partly by the difference in 
the species studied and the extent of the resection. However, 
our findings were in keeping with a recent study in 90% Px rats 

showing a transient activation of Ngn3 in scattered cells in the 
common pancreatic duct and some centroacinar cells,16 as well 
as in duct-ligation model of BC regeneration.30 Importantly, 
here, we show evidence of a dramatic increase of the number 
of Ngn3+ ductal cells following GSK3β downregulation. To 
the best of our knowledge, this is the first demonstration of the 
postnatal induction of this important transcription factor by 
GSK3β inhibitors. The molecular mechanisms whereby GSK3β 
regulates the expression of Ngn3 are unknown. GSK3β and 
Ngn3 are effectors of the Wnt and Notch/Delta signaling path-
ways, respectively. Therefore, clues for the mechanisms under-
lying the regulation of Ngn3 by GSK3β might come from the 
investigation of the crosstalk between these two pathways.31 We 
next analyzed the expression of PDX1, another marker of BC 
progenitors. The examination of pancreatic sections revealed 
the presence of numerous PDX1+/insulin− cells throughout the 
tissue. A significant number of these cells but not all of them 
were located in the ductal epithelium and particularly in regions 
known as “focal areas of regeneration.”14–16 These areas, first 
described by Bonner-Weir et al., consist of proliferating small 
ductules surrounded by loose connective tissue, and are only 
found in pancreatectomized animals.32 We showed a significant 
increase of the total number of PDX1+/insulin− cells, 48 hours 
postsurgery, in the Px/GSB3β-AS group. The role of GSK3β on 
the regulation PDX1 has been previously investigated,10,21 and 
among other mechanisms, increased stability of PDX1 under 
GSK3β inactivation has been suggested.33,34 Most of the studies 
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Figure 4 D uct-to-β cell differentiation and β-cell apoptosis 48 hours after surgery. (a) Representative focal areas of regeneration are shown. 
Sections were double-stained for PDX1 (brown nuclei) and insulin (not present in the field). Blue arrows show PDX1-positive cells in ductules of 
regenerating foci. Bar: 50 µm. (b) Total PDX1-positive/insulin-negative cells were counted and results were expressed as number per µm2 section 
area. (c) Total duct-associated single β-cells or small ductal β-cell clusters, or scattered single β-cells in the exocrine parenchyma were counted 
and results were expressed as number per µm2 section area. *P < 0.05; ***P < 0.001 for comparison between Px/GSK3β-AS and other groups. 
$P < 0.05 for comparison between Px/Std and Sham/Saline group. Four to six rats were analyzed per experimental group. (d) β cell apoptosis 
was assessed by TUNEL assay followed by insulin staining. TUNEL-positive β cells were calculated as the percentage of total β cells. NS, not 
significant.
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on the modulation of PDX1 by GSK3β have been performed in 
vitro in primary or in insulinoma BC, or in vivo, in mice with 
specific deletion or overexpression of GSK3β in the BC. These 
models do not allow the investigation of the impact of GSK3β 
knockdown on other cell types, including ductal progenitor 
cells, which are important for the regulation of BC regenera-
tion. Here, our new findings are suggestive of progenitor/stem 

cell activation under GSK3β knockdown condition and unravel 
unexpected potential of GSK3β inhibitors in the stimulation of 
in vivo BC neogenesis in the adult pancreas.

Our study was based on local intrapancreatic administra-
tion of inhibitory molecules, in order to address the direct effect 
of GSK3β knockdown on the regeneration of pancreatic β cells. 
Although caution must be introduced regarding systemic phar-
macological intervention on this enzyme, the demonstration of 
the growth stimulatory properties of GSK3β inhibitors on the β 
cells, added to their known benefit in the improvement of insulin 
resistance,3–5 makes them undoubtedly a promising drug for the 
treatment of diabetes.

The second objective of the present study was to evaluate the 
impact of GSK3β knockdown on the regeneration of the exocrine 
pancreas.

In rodents, pancreatic growth can occur during regeneration 
in response to partial destruction following pancreatitis or Px.2 
However, the mechanisms of exocrine regeneration have not been 
well defined and our knowledge of factors with potential tropic 
effects on these cells is yet to be expanded.

Here, we provide the first evidence that GSK3β inactivation 
efficiently promotes the compensatory growth of ductal and aci-
nar cells after 90% Px.

Mature ductal cells express carbonic anhydrase II which 
catalyses the production of bicarbonates, important for the pro-
cess of digestion. However, beside this important function, duc-
tal compartment is believed to harbor progenitor cells with the 
potential to differentiate, under appropriate stimuli, into differ-
ent pancreatic cell types. We found that ductal cell proliferation 
was significantly activated in the Px/Std compared to Sham/Saline 
animals. This was further enhanced when GSK3β was inactivated. 
The increased proliferation of ductal cells in the pancreas of Px/
GSK3β-AS rats might have significant importance for the enlarge-
ment of the pool of pluripotent precursor cells that are needed for 
the replenishment of both endocrine and acinar cell mass in this 
model.

We show for the first time that GSK3β inactivation has also 
proliferative effect on acinar cells. GSK3β is a negative regulator 
of the PI3K/AKT pathways. Watanabe et al. have previously dem-
onstrated that PI3K/AKT is an important mediator of the regen-
eration of acinar cells in adult pancreatectomized mice.35 In our 
study, downregulation of GSK3β may mimic PI3K/AKT activa-
tion and further enhance the process of pancreatic regeneration 
after surgical damage.

Next, we examined the neogenesis of acinar cells, indirectly by 
the quantification of single cells or small aggregates immunoreac-
tive for amylase, located within, or budding off the ductal epithe-
lium. We show that, 48 hours after surgery, such cells were more 
abundant in the pancreas of Px rats compared to Sham/Saline rats. 
Interestingly, the number of these cells was significantly increased 
in Px/GSK3β-AS implying the activation of duct-to-acinar differ-
entiation following GSK3β knockdown.

Finally, we assessed apoptosis in the exocrine compartment 
and found that, in contrast to BC and ductal cells, acinar-cell 
apoptosis was induced in response to 90% Px. This has been also 
shown by Menge et al. in a study in humans that underwent partial 
Px, and might be in relation with the important remodeling of the 
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Figure 5 D uct and acinar-cell proliferation 48 hours after surgery. (a) BrdU 
incorporation in ductal cells was assessed by double-staining for BrdU and CK20. 
BrdU-positive ductal cells were calculated as the percentage of total ductal cells. 
(b) BrdU incorporation in acinar cells was assessed by double-staining for BrdU 
(brown nuclei) and amylase (red cytoplasm). Blue arrows show BrdU-positive 
acinar cells. Bar: 50 µm. (c) BrdU-positive acinar cells were calculated as the per-
centage of total acinar cells as described in Materials and Methods section. *P < 
0.05; **P < 0.01 for comparison between Px/GSK3β-AS and other groups. $P < 
0.05 for comparison between Px/Std and Sham/Saline group. Four to five rats 
were analyzed per experimental group.
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exocrine tissue during the process of regeneration.36 Importantly, 
we show that this can be efficiently prevented by GSK3β down-
regulation. It has been reported that inhibition of GSK3β reduces 
the degree of cerulein-induced pancreatitis and the associated 
mortality rate in mice.37 Furthermore in vitro and in vivo studies 
are needed to define the potential of GSK3β inhibitors in the pre-
vention of acinar apoptosis caused by this disease condition.

To summarize, our study designates for the first time GSK3β 
as a negative regulator of the growth and survival of acinar cells 
and add yet a novel feature to the implication of this multifaceted 
protein during pancreas regeneration.

Finally, in this study, we have validated a new approach based 
on topical gene silencing by the means of antisense morpholino-
oligonucleotides.

Morpholino-oligonucleotides have been used successfully 
for experimental gene silencing in different animal models of 
diseases.21,23,38 Local and systemic utility of phosphodiamidate 
morpholino-oligomers chemistry for the treatment Duchenne 
muscular myodystrophy has been demonstrated in mice and 
dog without safety issues.23,38 A clinical trial in human with 
Duchenne muscular myodystrophy recently provided a proof of 
principle of efficacy through local delivery of PMO.39 To date, 
there are several issues that challenge the use of these molecules 

as effective and affordable drugs for the treatment of human 
diseases. However, although widespread use of this approach 
for clinical purposes is not expected for a near future, the large 
application of morpholino-based in vivo gene silencing in pre-
clinical studies is undoubtedly useful to test the therapeutic ben-
efit of this approach in a wide variety of diseases in animals, and 
opens avenues for their potential application in specific patholo-
gies in humans.

MATERIALS AND METHODS
Reagents and antibodies. Reagents used for the treatments and primary 
antibodies used in this study are listed in Supplementary Tables S2 
and S3.

Animals. Adult male Wistar rats (10–12-weeks old) were used in this 
study. The experiments were performed under the strict guidelines of 
the French National Center for Scientific Research. Animals were anes-
thetized with pentobarbital, and 90% Px and sham-operation were per-
formed as described previously.14 The remnant pancreas was anatomically 
defined, comprising the tissue within 1–2 mm of the common pancreatic 
duct and extending from the duct to the first part of the duodenum. The 
corresponding portion of the pancreas in sham-operated rats is referred 
to as the remnant equivalent. Immediately after Px, each group of ani-
mals received an injection of different treatments (LiCl, saline solution, 
GSK3β antisense morpholino-oligonucleotides (GSK3β-AS), nonspecific 
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Figure 6  Acinar neogenesis and apoptosis 48 hours after surgery. (a) Acinar cells were identified by amylase staining. Acinar-cell neogenesis 
was evaluated by the quantification of amylase-positive cells within or in close vicinity of the duct epithelium. Blue arrows show amylase-positive 
cell in the duct epithelium. Red arrow shows amylase positive cells in the acini of the exocrine parenchyma. Bar: 50 µm. (b) Total single acinar 
cells or small acinar-cell clusters located within or in close vicinity of the duct epithelium were counted and results were expressed as number 
per µm2 section area. *P < 0.05; **P < 0.01 for comparison between Px/GSK3β-AS and other groups. $P < 0.05 for comparison between Px/Std 
and Sham/Saline group. (c) Acinar cell apoptosis was assessed by TUNEL staining (brown nuclei) followed by amylase staining (red cytoplasm). 
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standard morpholino-oligonucleotides (Std) (Gene Tools) (Supplementary 
Table S1) within the remnant pancreas. Seven nmoles of GSK3β-AS or Std 
were diluted in 150 µl of saline solution. Either these solutions or 60 µmol 
of LiCl (Sigma, Saint-Quentin Fallavier, France) diluted in 150-µl saline 
solution were injected into the remnant pancreatic parenchyma at three 
points, equally distanced from each other. Similar injection was performed 
in sham-operated animals using 150-µl saline. Body weight and blood glu-
cose were monitored daily during the first 48 hours and then once a week 
during the course of the experiments (Supplementary Table S3). Animals 
were sacrificed 8 hours, 48 hours, 7 days, or 28 days after Px. One hour 
before the sacrifice, animals were given an intraperitoneal injection of 
5′bromo 2′deoxyuridine (BrdU) (Sigma) at the dose of 50 mg/kg.

Immunohistological studies. Tissues were collected 8 hours, 48 hours, 7 or 
28 days after Px and processed for histology as previously described.21

Immunostaining for BrdU, insulin, CK20, and PDX1 was performed 
as previously described.21 Details of the immunostaining procedures for 
Ngn3 and Sox9 are provided in Supplementary Materials and Methods.

Cell apoptosis. Apoptotic β, ductal and acinar cells were detected by 
TUNEL assay as previously described21,40 and followed by a double-stain-
ing with the relevant antibodies as detailed in Supplementary Materials 
and Methods.

Duct-to-β cell differentiation. Ductal and centroacinar cells were iden-
tified by staining for CK20, a specific marker of ductal cells in rat, as 
previously described.41 BC differentiation was assessed by analyzing the 
expression of the transcription factors PDX1 and Ngn3. Sections were 
double-stained for PDX1 and insulin and the number of PDX1+/insulin– 
cells were determined per µm2 of pancreatic tissue section. Staining for 
Ngn3 was performed in other sections, followed by staining for CK20 in 
order to identify ductal cells. The total number of Ngn3+ ductal cells were 
evaluated in at least 4 sections per pancreas and expressed as percentage 
of total ductal cells.

Histomorphometric studies. Individual β-cell area, the relative β cell area 
in pancreatic sections and the β cell mass were assessed as previously 
described21 and detailed in Supplementary Materials and Methods.

Gel electrophoresis and western blotting. Wholes tissue lysates were 
prepared from remnant pancreases and from livers of Sham/Saline, Px/
Std, and Px/GSK3β-AS groups 8 or 48 hours after surgery by sonication 
in a lysis buffer. Gel electrophoresis and immunoblotting for the detec-
tion of GSK3β were preformed as previously described,13 and detailed in 
Supplementary Materials and Methods.

Statistical analysis. Values are expressed as means ± SEM. The significance 
of differences between the groups was evaluated by Student’s t-test. P < 0.05 
or <0.01 or <0.001 were considered significant.

SUPPLEMENTARY MATERIAL
Table  S1.  Characteristics of rats from Sham/NaCl, Px/LiCl , Px/NaCl, 
Px/Std, Px/GSK3β-AS rats before, and 2 days, 7 days, and 28 days after 
surgery.
Table  S2.  Reagents used for the treatment of the animals.
Table  S3.  Primary antibodies used in this study.
Materials and Methods
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