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Background:Whether neurogenin3 activation represents beta cell neogenesis in adults is controversial.
Results: Neurogenin3-activated pancreatic duct cells do not become beta cells.
Conclusion: Neurogenin3 activation is not a signature for adult beta cell neogenesis.
Significance:Our data strongly argue against the widely held belief that neurogenin3 is a marker of beta cell neogenesis in the
adult pancreas, especially from duct cells.

It remains controversial whether adult pancreatic ducts har-
bor facultative beta cell progenitors. Because neurogenin3
(Ngn3) is a key determinant of pancreatic endocrine cell neo-
genesis during embryogenesis, many studies have also relied
upon Ngn3 expression as evidence of beta cell neogenesis in
adults. Recently, however, Ngn3 as a marker of adult beta cell
neogenesis has been called into question by reports of Ngn3
expression in fully-developed beta cells. Nevertheless, direct
evidence as to whether Ngn3 activation in adult pancreatic duct
cellsmay lead toduct-to-beta cell transdifferentiation is lacking.
Here we studied twomodels of Ngn3 activation in adult pancre-
atic duct cells (low-dose alloxan treatment and pancreatic duct
ligation) and lineage-traced Ngn3-activated duct cells by label-
ing them through intraductal infusion with a cell-tagging dye,
CFDA-SE No dye-labeled beta cells were found during the fol-
low-up in either model, suggesting that activation of Ngn3 in
duct cells is not sufficient to direct their transdifferentiation
into beta cells. Therefore, Ngn3 activation in duct cells is not a
signature for adult beta cell neogenesis.

The shortage of donor pancreases is a major obstacle to the
widespread application of islet transplantation to treat diabetic
patients (1, 2). Therefore, great efforts have beenmade to iden-
tify alternative sources of insulin-producing cells (3). Previous
studies have suggested that cell replication is the only mecha-
nism for beta cell expansion in adults (4–9). However,
researchers continue to seek evidence of beta cell neogenesis
(10–13) since adult beta cells normally show very slow prolif-
eration (14–20), and may quickly undergo senescence or apo-
ptosis if forced into the cell cycle (21).

Adult pancreatic duct cells have been extensively studied for
their potential to generate functional beta cells, since embry-
onic pancreatic ductal structures clearly harbor endocrine pre-
cursors (22–24). Recently, lineage tracing studies have been
used to evaluate the possible conversion of duct cells into beta
cells postnatally, but with conflicting results (25–31). In partic-
ular, in the pancreatic duct ligation (PDL)3model, neurogenin3
(Ngn3), a pancreatic endocrine-determining transcription fac-
tor during embryonic development (32–34), was reported to be
activated in the duct cells of the ligated pancreas (35). Since
Ngn3 has long been regarded as amarker of beta cell neogenesis
(36, 37), and since beta cell proliferation after PDL remains at a
low level (35), it was logically concluded that the reported dou-
bling of beta cell mass within 1 week of PDL is due to beta cell
neogenesis fromNgn3� duct cells (35). Notably, both this dou-
bling of beta cellmass and the proposed duct-to-beta cell trans-
differentiation in the PDL model have been challenged by
subsequent studies (8, 25–28, 30, 31, 38). Tissue edema and
remodeling after PDL have been sited as potential reasons for
over-estimation of the increase in beta cellmass (27, 31, 38). On
the other hand, independent reports have shown that Ngn3 is
also expressed in adult beta cells, and can be up-regulated after
PDL (8, 27, 39–41). However, direct evidence that Ngn3 acti-
vation in adult pancreatic duct cells may lead to neogenesis of
beta cells is lacking (42).
Here, we examined the fate of Ngn3-activated duct cells in

the adult pancreas in two models, low-dose alloxan (ALX)
treatment, and PDL. We found that Ngn3 expression was acti-
vated in duct cells in bothmodels. To lineage-trace theseNgn3-
activated duct cells, we used an intraductal infusion system to
efficiently and specifically label pancreatic duct cells with
CFDA-SE (carboxyfluorescein diacetate, succinimidyl ester), a
dye that passively enters the duct cells, and then is retained
within the cells. No dye-labeled beta cells were found in either
model, suggesting Ngn3 activation in duct cells is not sufficient
to direct their transdifferentiation into beta cells.
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EXPERIMENTAL PROCEDURES

Mouse andCellManipulation—Allmouse experiments were
approved by the Animal Research and Care Committee at the
Children’s Hospital of Pittsburgh and the University of Pitts-
burgh IACUC. Bacterial-artificial-chromosome (BAC) trans-
genic Elastase promoter CreERT reporter (Ela-CreERT)mouse
was generated and kindly provided by Dr. Craig Logsdon (Uni-
versity of Texas) (43). C57/6, Rosa26CAGTomato (Tomato),
BAC transgenic Ngn3 promoter Cre reporter (Ngn3-Cre) (44),
BAC transgenic mouse insulin promoter GFP reporter (MIP-
GFP) and ROSAmTmG (mTmG) (8) mice were all purchased
from Jackson Lab, and all have a C57/6 background. Male
Ngn3-Cre and female mTmG mice were crossed to generate
the Ngn3-Cre; mTmG mice. Male Ela-CreERT and female
Tomato mice were crossed to generate Ela-CreERT; Tomato
mice. Tamoxifen (Sigma) solution (20 mg/ml) was freshly pre-
pared the day prior to each injection, by dissolving in filter-
sterilized corn oil. To induce Tomato expression in acinar cells,
4 weeks before analysis/operation, Ela-CreERT; Tomato mice
were given a single intraperitoneal injection of 1 mg of tamox-
ifen (50�l) or corn oil vehicle (control). 99.6� 2.1% acinar cells
were found labeled without detectable nonspecific labeling of
other cell types. Onlymice that were heterozygous for both Cre
(ERT) and mTmG were used for our experiments. All experi-
ments used 8-week-old males.
The beta-cell toxin alloxan (ALX) was injected into mice via

the dorsal tail vein with a dosage of 65 mg/kg or 30 mg/kg.
Blood glucose measurements of mice were performed after a
2-h fasting period. PDL was performed and quality controlled
(morphology, up-regulation in Ngn3 transcript in ligated tail
versus unligated head of pancreas) as described by us previously
(8, 45).
CFDA-SE (Invitrogen) was prepared according to manufac-

turer’s instruction. Pancreatic intraductal CFDA-SE infusion
was performed after anesthetizing the animals. Briefly, the duo-
denum was isolated to expose the common bile duct, after
which a microclamp (Roboz, RS-7439) was placed on the com-
mon bile duct above the branching of the pancreatic duct. A
31-gauge blunt-ended catheter (World Precision Instruments)
was then put into the common bile duct through the sphincter
of Oddi in the duodenum, which was then clamped with
another microclamp (Roboz, RS-7439) to prevent backflow.
The other end of the catheter is connected to a micro-infusion
apparatus, which delivers 30�l of 10�MCFDA-SE via the cath-
eter at a rate of 1 �l/min. After infusion of CFDA-SE, the hole
created by the catheter in the duodenum was closed with 6–0
suture. No animals were lost to surgery or post-surgical
complications.
NIH 3T3 cells were grown in 5 mM-glucose DMEM supple-

mented with 10% FBS, with a cell doubling time of 20 h. 3T3
cells were incubated with different concentration of CFDA-SE
for 30 min, after which the cells were washed and the fluores-
cence levels compared with the sorted CFDA-SE� cells (green)
from the pancreatic digests (30 �l 10 �M CFDA-SE infusion
with a speed of 1 �l/min, taking 30 min) by Fluorescence-acti-
vated cell sorting (FACS). We found that the 3T3 cells incu-
bated with 8 �M CFDA-SE appeared to have the similar fluo-

rescence level as the in vivo labeled cells. Then the fluorescence
level of the 3T3 cells labeledwith 8�MCFDA-SEwas examined
after serial cell doublings and compared with unlabeled 3T3
cells by FACS.
Pancreatic Digestion and FACS—Pancreatic duct perfusion

and subsequent digestion of the pancreas was performed as
described previously (45, 46). Pancreatic digests were either
incubatedwith FluoresceinDolichos BiflorusAgglutinin (DBA,
Vector Lab, a duct-binding lectin) for 30 min to allow isolation
of green DBA� duct cells by FACS, or else for Ngn3-Cre;
mTmGpancreas sequentially incubatedwith biotin-DBA (Vec-
tor Lab) and streptavidin-cy5 for 30 min to allow isolation of
mG� duct cells and mG� duct cells by FACS. CFDA-SE levels
were analyzed by direct fluorescence. Purity of sorted cell fac-
tions was evaluated by analysis of expression of cell-type spe-
cific markers with RT-qPCR. Beta cell isolation fromMIP-GFP
mice has been described previously (46).
Laser-capture Microdissection (LCM)—Mouse pancreas was

harvested, snap-frozen, sectioned, andmounted on RNase-free
membrane-coatedmicroscopy slides (MolecularMachines and
Industries, MMI) as described previously (46), followed by 30
min of incubation with DBA to label the duct cells with green
fluorescence.
RNA Isolation and RT-qPCR—RNA extraction and RT-qPCR

have been described previously (8, 45, 46). Primers were all
purchased from Qiagen. They are CycloA (QT00247709),
Ngn3 (QT00262850), Synaptophysin (QT01042314), Amylase
(QT00179242), Vimentin (QT00159670), Ck19 (QT00156667),
Sox9 (QT00163765),Glut2 (QT00103537),FoxO1 (QT00116186),
and Cd31 (QT01052044). RT-qPCR values were normalized
againstCycloA, which proved to be stable across the samples.
Immunohistochemistry—All pancreas samples were fixed in

zinc (BD) for 4 h followed by an additional 2 h fixation in 4%
formaldehyde, then cryo-protected in 30% sucrose overnight
before freezing. mT and mG were detected by direct fluores-
cence. Primary antibodies for immunostaining are: guinea pig
polyclonal insulin and pancreatic polypeptide-specific (Dako);
rabbit polyclonal CK19 and somatostatin-specific (Dako) and
glucagon-specific (Cell Signaling), and biotin-DBA (Vector
Lab). No antigen retrieval was necessary, except for CK19,
which needs microwaving. Secondary antibodies for indirect
fluorescent staining are Cy2, Cy3, or Cy5 conjugated donkey
streptavidin, rabbit, and guinea pig-specific (Jackson Immu-
noResearch Labs). Nuclear staining is performed with Hoechst
solution (BD). Imaging of cryosections is performed as
described previously (8, 45–47).
Data Analysis—The quantification was done on the basis of

at least 5 sections that were 100 �m apart. At least 2000 cells
were counted for each experimental condition. If the percent-
age of positive cells was low, counting continued beyond 2000
cells until at least 50 positive cells were counted. All values are
depicted asmeans� S.E. of themean. In each condition, 5mice
were analyzed in all groups. All RT-qPCR data are from 5 sam-
ples for each condition. All data were statistically analyzed by
2-tailed Student’s t-test. Significance was considered when p �
0.05.
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RESULTS

Significant Increase in mG� Duct Cells in Ngn3-Cre; mTmG
Mice after Low-dose ALX or PDL—Theoretically, in the pan-
creas of Ngn3-Cre; mTmG mice, all the non-endocrine cells
should express membrane-targeted Tomato red fluorescence
(mT) and all the endocrine cells should express membrane-
tagged EGFP fluorescence (mG), where the floxed mT cassette
was deleted when the Ngn3 promoter was activated during

development (Fig. 1A). We did not find any mT� pancreatic
endocrine cells in adult Ngn3-Cre; mTmG mice, suggesting
that Ngn3 promoter activity during embryogenesis was strong
enough to activate Cre recombinase in all endocrine lineage
cells. Of note, we found a very small fraction of mG� cells in
both the duct cell population (6.4 � 0.5%) and in the acinar cell
population (less than 1%). These mG� duct or acinar cells did
not express endocrine markers, suggesting that they may have

FIGURE 1. Ngn3-Cre; mTmG mice for detecting Ngn3 activation in duct cells. A, schematic of the Ngn3-Cre; mTmG model: All pancreatic cells are mT�

except for endocrine cells that are mG� due to activation of Ngn3 during development. B, fasting blood glucose levels were measured, showing that sustained
hyperglycemia developed in Ngn3-Cre; mTmG mice after 65 mg/kg ALX tail vein injection (purple), while neither 30 mg/kg ALX (red) nor PDL (green) signifi-
cantly affected glucose levels (untreated control, UT, blue). C, representative confocal fluorescent images of pancreases of untreated (UT) Ngn3-Cre; mTmG
mice, or 1 week after treatment with 65 mg/kg, or 30 mg/kg ALX, or PDL. Inset shows representative mG� duct cells in high magnification. D, quantification of
the percentage of mG� duct cells and acinar cells under various conditions showed a roughly 10-fold increase in the fraction of mG� duct cells after either 30
mg/kg ALX-treatment or PDL, but not after 65 mg/kg ALX-treatment. *: p � 0.05; **: p � 0.01; NS: no significance. Scale bars are 50 �m.
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previously activated Ngn3 during development, but then failed
to continue the endocrine differentiation process, possibly due
to a low expression level of Ngn3.
Since Ngn3 activation has been reported after PDL (35) and

after beta-cell-specific toxin treatment (48, 49), we examined
the pancreas from these Ngn3-Cre; mTmG mice after treat-
ment with ALX or after PDL. Because Ngn3 activation after
beta-cell-toxin treatment has not been reported consistently
(48, 49), we suspected that the dosage of the toxin may affect
Ngn3 activation. Thus, we tested the effect of twodifferentALX
doses. A high-dose ALX (65 mg/kg) was sufficient to induce
sustained hyperglycemia by destroying more than 90% of the
beta cells in mice with a C57/6 background. Although neither

hyperglycemia nor significantly altered beta cell mass was
detected after a low-dose ALX (30 mg/kg) treatment (Fig. 1B
and data not shown), we indeed found significant changes in
transcripts of certain genes (e.g. up-regulation of Ngn3 and
FoxO1mRNA, down-regulation of Glut2mRNA) in beta cells,
suggesting that the beta cells were injured by low-doseALXand
may then undergo some degree of de-differentiation (50–55)
(data not shown). On the other hand, by analysis of stained
sections, we found a roughly 10-fold increase in the fraction of
mG� duct cells in the pancreas of Ngn3-Cre; mTmG mice
either after 30 mg/kg ALX treatment (59.5 � 2.3%), or after
PDL (83.4 � 3.6%), but not after high-dose ALX (65 mg/kg)
treatment (7.6 � 0.8%), compared with untreated controls
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FIGURE 2. Ngn3 mRNA levels increase in duct cells after low-dose ALX or PDL. A, pancreatic digests were analyzed by flow cytometry following incubation
with fluorescein-DBA to label duct cells (circled cell population). B, representative DBA fluorescent images of duct cells before and after LCM: Rim of fluores-
cence after LCM is nonspecific edge effect. C, RT-qPCR for Synaptophysin, Amylase, Vimentin, Cd31, and Ck19 was performed in FACS- or LCM- prepared cells
to assure the purity of the duct cell population (UT, untreated). D, RT-qPCR for Ngn3 showed no change in expression in the ducts from mice treated with 65
mg/kg ALX, but significant up-regulation in the duct cells from mice treated with 30 mg/kg ALX, or especially after PDL. **: p � 0.01; NS: no significance.
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(6.4 � 0.5%). Similarly, we found a significant increase in the
fraction of mG� acinar cells in the pancreas of Ngn3-Cre;
mTmGmice after both 30 mg/kg ALX treatment (2.5 � 0.2%),
or 65 mg/kg ALX treatment (2.4 � 0.2%), compared with
untreated controls (0.7 � 0.1%) (Fig. 1, C--D). These data sug-
gest that Ngn3 can be activated in duct cells by PDL, or by
low-dose ALX, specifically.
Low-dose ALX or PDL Activate Ngn3 in Duct Cells—To fur-

ther confirmNgn3 gene activation in duct cells by bothPDLand
low-dose ALX, DBA was used to specifically label duct cells for
fluorescence-activated cell sorting (FACS) (Fig. 2A) and for
LCM (Fig. 2B). We measured mRNAs for Synaptophysin
(marker of endocrine cells), Amylase (marker of acinar cells),
Vimentin (marker of mesenchymal cells), Cd31 (marker of
endothelial cells), and Ck19 (marker of duct cells) by RT-qPCR
in the isolated duct cells to confirm the purity of the duct cell
population (Fig. 2C). Then, Ngn3 transcripts were analyzed,
confirming the activation of Ngn3 in duct cells by low-dose
ALX or PDL (Fig. 2D). We further isolated mG� DBA� cells
(representing Ngn3-activated duct cells) and mG� DBA� cells
(representing Ngn3-inactivated duct cells) from Ngn3-Cre;
mTmGmice 1week after either low-doseALXor PDL, and also
analyzed transcripts for Ck19 and Sox9, which are predomi-
nantly expressed by duct cells in the adult pancreas. We found

that both transcripts were significantly down-regulated in Ngn3-
activated duct cells after PDL, but the decreases after low-dose
ALX did not reach significance (Fig. 3). These data suggest that
PDL may be a more potent trigger for duct cell phenotypic
changes, consistent with the higher levels of Ngn3 transcript after
PDL than after low-dose ALX (Fig. 2D), as well as the higher frac-
tion of Ngn3-lineage tagged duct cells after PDL.
Ngn3-activated Duct Cells Do Not Produce Endocrine

Hormones—Next we examined whether these Ngn3-activated
duct cellsmay start to produce endocrine hormones, as appears
to occur in Ngn3-activated progenitor cells during embryonic
pancreatic development (32–34). Since we found this up-regu-
lation of Ngn3 occurs as early as 3 days after either low-dose
ALX or after PDL, we expected to see hormone-positive duct
cells derived from Ngn3-activated duct cells (hormone� mG�

duct cells in Ngn3-Cre; mTmG mice) by 1 week after ALX or
PDL if the Ngn3-activated duct cells do indeed differentiate
into endocrine cells. We did not find an increase in hormone�

mG� duct cells with either treatment (Fig. 4), suggesting that
Ngn3 activation in adult duct cells does not lead to duct-to-
endocrine cell transdifferentiation.
Long-term Tracking of Pancreatic Duct Cells with CFDA-SE—

Since the above experiments could not exclude the possibility
that Ngn3-activated duct cells may subsequentlymigrate out of

FIGURE 3. Ngn3-activated duct cells after PDL down-regulate Ck19 and Sox9. A, schematic of isolation of Ngn3-activated duct cells and Ngn3-inactivated
duct cells 1 week after low-dose ALX or PDL from Ngn3-Cre; mTmG mice. mG� DBA� cells represent Ngn3-activated duct cells and mG� DBA� cells represent
Ngn3-inactivated duct cells. B, transcripts of two markers predominantly expressed by duct cells in the adult pancreas, Ck19 and Sox9, were analyzed, showing
that both were down-regulated in Ngn3-activated duct cells after PDL, but their change in Ngn3-activated duct cells after low-dose ALX did not reach
significance.
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the ducts prior to analysis, we further examinedwhetherNgn3-
activated duct cells could form endocrine cells outside of the
ducts over a relatively long time period. To track Ngn3-acti-
vated duct cells, we applied a novel intraductal infusionmethod
to efficiently and specifically label pancreatic duct cells with
CFDA-SE, a dye that passively enters the cells and then is

retained within the cells (56). At a speed of 1�l/min, 30�l of 10
�M CFDA-SE was infused into the pancreatic duct through a
fine blunt-ended catheter, leading to efficient labeling of the
majority of ducts throughout the entire pancreas (Fig. 5A). One
week after infusion, the pancreatic ducts are readily visualized
grossly (Fig. 5B) or by whole-mount imaging (Fig. 5C).

FIGURE 4. Ngn3-activated duct cells do not produce endocrine hormones. A–C, determine whether Ngn3-activated duct cells may start to produce
endocrine hormones. A, by quantification of stained confocal-imaged sections, no increase in endocrine-positive cells (insulin: INS; glucagon: GCG; somatosta-
tin: SOM; pancreatic polypeptide: PP) was seen in the DBA� ducts after either 30 mg/kg ALX or PDL, suggesting that Ngn3 activation in duct cells does not lead
to duct-to-endocrine transdifferentiation. B–C, representative confocal fluorescent images of the pancreas of untreated (UT) Ngn3-Cre; mTmG mice, or 1 week
after treatment with either 30 mg/kg ALX, or after PDL: insulin (B, INS) and glucagon (C, GCG) staining, respectively, show no evidence of hormone� mG� cells
in the ducts. NS: no significance. Scale bars are 50 �m.
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The fluorescence of individual CFDA-SE-labeled cells
should reduce by half after each cell division. Thus, we evalu-
ated themaximal number of cell divisions that would still allow
the cellular fluorescence to remain detectable. NIH 3T3 cells

(with a 20 h doubling time) were incubated with different con-
centration of CFDA-SE for 30 min, after which the cells were
extensively washed and their fluorescence level compared with
sorted green duct cells (30 �l of 10 �M CFDA-SE infused at a

FIGURE 5. An intraductal infusion method to specifically label duct cells. To examine whether Ngn3 activation in duct cells can drive them to an endocrine
phenotype over a longer period, an intraductal infusion method was used to label pancreatic duct cells with fluorescent CFDA-SE to track them. A, illustration of how
CFDA-SE is infused into the pancreatic duct through a fine blunt-ended catheter. B–C, one week after infusion with CFDA-SE, the pancreatic ducts are readily visualized
grossly (B) or by whole-mount (C). D, NIH 3T3 cells (cell doubling time is 20 h) were used to evaluate the effect of cell division on CFDA-SE detection. First, 3T3 cells
incubated with 8 �M CFDA-SE were found to have fluorescence level similar to the duct cells in vivo labeled by a 30 �l 10 �M CFDA-SE infusion at a speed of 1 �l/min.
The fluorescence levels of the 3T3 cells labeled with 8 �M CFDA-SE were then examined after serial cell doublings and compared with unlabeled 3T3 cells (with
quality-control for the change in absolute cell number). The fluorescence is still detectable after 7 doublings, but not after 8 doublings, suggesting that the labeled duct
cells with our in vivo intraductal infusion protocol remain detectable for up to 7 cell divisions. E, DBA� (cy5) duct cells were isolated 1 week after low-dose ALX
treatment, or after PDL, with or without CFDA-SE infusion. No significant difference in Ngn3 transcripts in duct cells was detected with CFDA-SE infusion, suggesting
that CFDA-SE infusion does not affect Ngn3 activation in duct cells. H: hours. Scale bars are 200 �m.

Neurogenin3-activated Duct Cells Do Not Become Beta Cells

AUGUST 30, 2013 • VOLUME 288 • NUMBER 35 JOURNAL OF BIOLOGICAL CHEMISTRY 25303



speed of 1�l/min, taking 30min) from the pancreatic digests by
FACS. We found that 3T3 cells incubated with 8 �M CFDA-SE
had similar fluorescence intensity as the in vivo freshly-labeled
duct cells. The fluorescence intensity of these 3T3 cells was
examined after serial cell divisions, with cell counting to con-
firm cell divisions. Fluorescence of the labeled cells was still
detectable after 7 cell divisions, but essentially not after 8 divi-
sions (Fig. 5D). These results suggest that the labeled duct cells

in our intraductal infusion system could remain detectable for
up to 7 divisions.
To exclude the possibility that CFDA-SE infusion itself may

affect Ngn3 activation in duct cells, DBA� (cy5) duct cells were
isolated 1 week after low-dose ALX treatment, or after PDL,
with or without CFDA-SE infusion. No significant difference in
Ngn3 transcripts in duct cells was detected after either low-
doseALX treatment, or after PDL,withCFDA-SE infusion (Fig.

FIGURE 6. Ngn3-activated duct cells do not become endocrine cells. Representative fluorescent images of mouse pancreas 1 week after CFDA-SE intraductal
infusion show the absence of nonspecific labeling. B, one week after CFDA-SE intraductal labeling, the mice received either 30 mg/kg ALX or PDL treatment,
and were then sacrificed after another 4 weeks. No dye-labeled beta cells (upper panels) or other endocrine cells (data not shown) were found after 30 mg/kg
ALX treatment. Moreover, no dye-labeled beta cells were found in either larger islets (middle panels) or small beta-cell clusters (lower panels) after PDL, while the
numerous duct-like structures after PDL were extensively labeled with the dye. C, CFDA-SE signal intensity in labeled duct cells was compared by FACS, 1 day
and 4 weeks after combined CFDA-SE infusion and PDL, showing that CFDA-SE intensity significantly decreased after 4 weeks, while still remaining detectable.
There was a clear distinction (blue arrow) between CFDA-SE-labeled fluorescent duct cells and unlabeled cells, suggesting that CFDA-SE-labeled duct cells
remain detectable after 4 weeks of follow-up. Also, CFDA-SE labeling in individual duct cells became much more variable 4 weeks after labeling and PDL,
suggesting a differential proliferation capacity among different duct cells after PDL. Scale bars are 50 �m.
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5E), suggesting that CFDA-SE infusion did not change Ngn3
activation in duct cells.
Quantification of CFDA-SE labeling efficiency on sections of

the pancreas at 3 days (the earliest time point when Ngn3-Cre;
mTmG duct cells were labeled after PDL or low-dose ALX), 1
week and 4 weeks was performed and showed no significant
differences, suggesting that CFDA-SE does not selectively label
cell fractions with different proliferative potentials. We found
that 45.6 � 4.8% of all duct cells (CK19�) were successfully
labeled with CFDA-SE (Fig. 6A). Non-duct cell labeling was not
seen. We further determined that the labeling efficiency of the
main duct cells was 78.3 � 6.7%, of intralobular duct cells was
28.4 � 3.7%, and of centroacinar cells was 2.1 � 0.2%.
Ngn3-activated Duct Cells Do Not Become Endocrine Cells—

One week after CFDA-SE intraductal labeling, the mice
received either 30 mg/kg ALX or PDL treatment. The mice

were sacrificed after another 4 weeks and assessed for any pos-
sible contribution of labeled duct cells to the endocrine cell
population. No dye-labeled beta cells (Fig. 6B, upper panel) or
other endocrine cells were found after 30 mg/kg ALX. More-
over, we did not find dye-labeled beta cells in either larger islets
(Fig. 6B,middle panel) or small beta-cell clusters (Fig. 6B, lower
panel) after PDL. The duct-like structures after PDL were
extensively labeled with the dye (Fig. 6B,middle and lower pan-
els), suggesting that these structures were mainly derived from
the pre-existing duct network, consistent with a recent report
(30). Also, these data suggest that the number of proliferation
rounds in the duct cells did not exceed our CFDA-SE detection
limitation (7 cycles) within 4 weeks. To further confirm this
possibility, CFDA-SE signal intensities of labeled duct cells
were compared by FACS, 1 day and 4 weeks after combined
CFDA-SE infusion and PDL. Our data show that CFDA-SE

FIGURE 7. Acinar cells do not become endocrine cells after PDL. Ela-CreERT; Tomato mice were used to lineage trace acinar cells after PDL. A, one low-dose
(1 mg) of tamoxifen injection resulted in a 99.6 � 2.1% labeling efficiency of acinar cells, while no cells other than acinar cells were found to be labeled. B, no
Tomato� INS� cells were seen 4 weeks after PDL, suggesting no substantial contribution of acinar cells to beta cells. Scale bars are 100 �m.

Neurogenin3-activated Duct Cells Do Not Become Beta Cells

AUGUST 30, 2013 • VOLUME 288 • NUMBER 35 JOURNAL OF BIOLOGICAL CHEMISTRY 25305



intensity significantly decreased after 4 weeks, but still
remained readily detectable (Fig. 6C). Also, since there was a
clear separation between the CFDA-SE-labeled fluorescent
population of cells and the unlabeled population (Fig. 6C,
arrow), we concluded that duct cells proliferate less than 7
cycles during the 4 week period (Fig. 5D). These data thus dem-
onstrate that the majority, if not all CFDA-SE-labeled duct
cells, remain detectable after 4 weeks of follow-up. The
CFDA-SE labeling intensity among individual duct cells
became much more variable 4 weeks after labeling and PDL,
suggesting a differential proliferative capacity among different
duct cells after PDL (Fig. 6C).
Acinar Cells Do Not Become Endocrine Cells after PDL—

While not the primary focus of our study, we did also look at
whether some acinar cells in the ligated tail pancreas after PDL
may transdifferentiate into endocrine cells. Here, we used Ela-
CreERT; Tomato mice to lineage trace acinar cells. In this
model, one low dose (1 mg) of tamoxifen injection successfully
labeled 99.6 � 2.1% acinar cells (Fig. 7A). Tamoxifen-indepen-
dent labeling of acinar cells should not confound our data inter-
pretation, since we did not see cells other than acinar cells
labeled.We did not find evidence of substantial contribution of
acinar cells to beta cells 4weeks after either 30mg/kgALX (data
not shown) or PDL (Fig. 7B), consistent with previous reports
(57, 58). We did not perform longer follow-up (30), since long-
term lineage tracing may substantially suffer from misleading
labeling of pre-existing beta cells due to leakage of CreER into
the nuclei of beta cells (8).

DISCUSSION

Activation of Ngn3 is a signature for pancreatic endocrine
cell neogenesis during embryogenesis (32–34). However,
whether Ngn3 activation in the adult pancreas also indicates
endocrine cell neogenesis has been debated, and the question
relates closely to the central issue of the possible existence of
beta cell progenitors in the adult pancreas. Although recent
reports revealed that adult beta cells express a low level of Ngn3
(27, 39–41), it remains controversial as to whether Ngn3 acti-
vation in adult pancreatic duct cells may be an indicator of
duct-to-endocrine neogenesis (8, 25–29, 31, 42).
Here we examined this question in twomodels of Ngn3 acti-

vation in adult pancreatic duct cells (low-dose ALX and PDL).
Of note, up-regulation of Ngn3 in duct cells by low-dose ALX
may be related to a sub-lethal injury of the beta cells, since the
injured beta cells may release cytokines/factors to affect nearby
duct cells in a paracrineway. The differentialNgn3 activation in
duct cells by different doses of ALX could result from the dif-
ferent phenotype of injured (not dead) beta cells (in 30 mg/kg
ALX) versus destroyed (dead) beta cells (in 65 mg/kg ALX).
This question is not the primary focus of our study, and here we
focused our analysis on Ngn3 transcripts from purified duct
cells. There is also significant controversy regarding whether
there is a significant change in beta cell mass after PDL (25, 27,
31, 35, 38). We did not perform a beta cell mass analysis here,
since beta cell mass quantification after PDL is difficult, due to
severe tissue edema and organ remodeling (27, 31, 38).
Previous analyses of duct cell lineages have used a tamoxifen-

sensitive Cre-labeling system (25–29, 42). However, RIP-Cre-

ERT mice (4) were reported to have either prolonged tamox-
ifen-induced cre activation (59), or pre-labeling of beta cells in
young (60) or aged mice (58), as well as cell-type specific apo-
ptosis (61). Other CreERT strains could potentially suffer from
similar flaws related to specificity and sensitivity. Here we used
either a straight Cre (no ERT) or a novel non-geneticmethod to
label duct cells (intraductal infusion of CFDA-SE). Once the
lipid soluble CFDA-SE enters the cytoplasm of duct cells, intra-
cellular esterases remove the acetate groups of CFDA-SE and
convert themolecule to the non-membrane permeable fluores-
cent ester (CFSE) (56). Due to this covalent coupling reaction,
fluorescent CFSE is retainedwithin cells for long periods, and is
not transferred to adjacent cells (56).We found that the optimal
labeling of duct cells, with no detectable nonspecific non-ductal
labeling, is achieved with the infusion of 30 �l of 10 �M

CFDA-SE at a speed of 1 �l/min. Of note, a faster infusion or
higher dose of CFDA-SE may result in labeling of some peri-
ductal cells, perhaps due to CFDA-SE leakage out of the ducts
under higher pressure. Thus, since specificity is our highest
priority, we were unable to increase dosing to further improve
labeling efficiency. Importantly, CFDA-SE labeling seems to be
a robust system since we showed that the labeled cells remain
detectable after at least 7 doublings.
Using either this dye-labeling or aNgn3-Cre labeling system,

we found that adultNgn3-activated duct cells do not give rise to
beta cells or other endocrine cells, consistent with a previous
report (58). Thus, Ngn3 may not be an ideal marker for the
identification of beta cell progenitors in adults.
To summarize our findings, although Ngn3 had been previ-

ously regarded as a marker of endocrine cell neogenesis from
pancreatic ducts in adults (36, 37), our study provides direct
evidence othewise. Demonstration of Ngn3 activation alone in
duct cells is not sufficient to show adult beta cell neogenesis.
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