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Summary We investigated the growth of islet beta 
and alpha cells in adult rats which had undergone 
partial pancreatic duct ligation. Whereas the non-li- 
gated head portion of the pancreas remained 
unaffected in terms of histology and cell population 
dynamics, the ligated tail part of the pancreas showed 
pronounced changes in histology and cell growth. 
These changes included replacement of exocrine aci- 
ni by ductal complexes and significant growth of islet 
cells. Using immunocytochemistry and morphometry, 
we found that the beta-cell population had nearly 
doubled within 1 week and that a smaller, but also 
significant growth of the alpha-cell population had 
occurred. In addition, small islets and islet-cell clus- 
ters were more numerous in the pancreatic tail, indi- 
cating islet neogenesis. The bromodeoxyuridine 
(BrdU) pulse labelling index of beta and alpha cells 
increased five fold and threefold, respectively, in the 
tail. However, the observed beta-cell labelling index 
remained below 1% which was largely insufficient 
to explain the increased number of beta cells. This in- 
dicates that recruitment from a proliferating stem- 

cell compartment was the main source for the beta- 
cell hyperplasia. A tenfold-elevated BrdU labelling 
index (18 %) was observed in the duct-cell compart- 
ment which was identified by specific immunostain- 
ing for cytokeratin 20. Transitional cytodifferentia- 
tion forms between duct cells expressing cytokeratin 
20 and beta cells expressing insulin, or alpha cells ex- 
pressing glucagon, were demonstrated by double im- 
munostaining. Pancreatic duct ligation also induced 
the expression of the beta-cell-specific glucose trans- 
porter type 2 (GLUT-2) in duct cells, indicating their 
metaplastic state. We concluded that in this adult rat 
model, the proliferation and differentiation of exo- 
crine duct cells represents the major mechanism of 
endocrine beta-cell neogenesis. Our study thus de- 
monstrates that in normal adult rats islet-cell neogen- 
esis can be reactivated by stimulation of pancreatic 
duct cells. [Diabetologia (1995) 38: 1405-1411] 
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Understanding the population dynamics of islet beta 
cells is important for understanding the pathogenesis 
of diabetes and for disease intervention [1-4]. Beta 
cells have a limited capacity for proliferation [2, 5], 
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but their population has been shown to expand con- 
siderably due to the differentiation of ductal stem 
cells in the fetus [6-10] and neonate [11-13]. Duct 
cells retain the capacity for endocrine differentiation 
after the perinatal period; islet neoformation from 
ducts has been observed under certain experimental 
conditions such as 90 % pancreatectomy in young 
rats [14, 15], transgenic mice over-expressing certain 
growth factors or cytokines [16-18], and cellophane 
wrapping of the pancreas in adult hamsters [19, 20]. 
Furthermore, co-transplantation of adult rodent duc- 
tal epithelium with fetal mesenchyme led to the ap- 
pearance of endocrine islets in the recipient [21]. 
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L iga t ion  of the  ducta l  t r ee  of  the  panc rea t i c  tail in 
adul t  rats  offers  the  possibi l i ty  of  s tudying  the  g rowth  
dynamics  of  panc rea t i c  duct  and  endoc r ine  cells [22]. 
Us ing  this mode l ,  we tes ted  the  hypothes i s  of  islet 
n e o f o r m a t i o n  f r o m  duct  cells in adul t  an imals  by  ap- 
plying (a) s te reo logica l  m o r p h o m e t r y  to m e a s u r e  
growth ,  (b) b r o m o d e o x y u r i d i n e  ( B r d U )  pulse  label-  
ling to quan t i t a t e  the  g e n e r a t i o n  of new cells, and  (c) 
i m m u n o c y t o c h e m i c a l  m a r k e r s  to d e m o n s t r a t e  duct-  
and  islet-cell  d i f ferent ia t ion .  

Materials and methods 

Animals. Male Wistar rats (Katholieke Universiteit Leuven, 
Proefdierencentrum, Heverlee, Belgium) weighing 280-300 g 
and 3 months of age were used, All animals were maintained 
under standard conditions and were fed rodent chow and 
water ad libitum. 

Surgical procedure. Duct-ligated animals were anaesthetized 
with diethyl ether, and a laparotomy was performed through a 
midline abdominal incision. The pancreatic ducts of the gas- 
tric and splenic segments were ligated, according to the meth- 
od of Hultquist and J6nsson [22]. The ligation was carefully 
made from the point where the pancreas is attached to the 
first portion of the duodenum to the point just before its at- 
tachment to the transverse colon. The ligated tail portion ac- 
counts for 50-60 % of the entire pancreas. Normal (un- 
treated) animals, not Subjected to any surgical procedure, 
were used as controls. 

Sampling and tissue preparation. Duct-ligated animals were 
killed 1, 2, 3, 5, 7 and 14 days after the operation. Six to eight 
rats were studied on days 3, 7 and 14, and two to three rats on 
days 1, 2 and 5. Six untreated animals were killed at the onset 
of the experiments. One hour prior to death, animals were in- 
jected intraperitoneally with BrdU (Sigma, St.Louis, Mo., 
USA) at a dose of 50 mg/kg body weight. Pancreatic head and 
tail portions were dissected at the site of the duct ligature in 
the treated rats and at the corresponding site of the pancreas 
in the untreated animals. These specimens were processed se- 
parately for weight and Volume determination, prior to fixa- 
tion and embedding in paraffin [12, 13]. Three additional rats 
per time point were killed for determination of total insulin 
content in the pancreatic tail and head. Blood samples were 
obtained for measuring glucose (Glucoscot II device; Kyoto 
Daiichi Kagaku, Kyoto, Japan) and serum insulin levels [23]. 

Double immunocytochemistry. Two series of ten 3-~tm-thiek 
paraffin sections per tissue block were prepared at an approxi- 
mately equidistant level. Consecutive sections were double im- 
munostained for BrdU and pancreatic hormone (insulin or glu- 
cagon), using the ABC technique as described previously [12, 
13]. BrdU was detected by a mouse monoclonal anti-BrdU an- 
tibody (Euro-Diagnostics, Apeldoorn, The Netherlands) dilut- 
ed 1:10. Beta cells were stained with a mouse monoclonal 
anti-human insulin antibody diluted 1:50 (Biogenex, San Ra- 
mon, Calif., USA), and alpha cells were stained with a mouse 
monoclonal anti-human glucagon antibody diluted 1:1000 
(Novo Nordisk, Gentofte; Denmark) after overnight incuba- 
tion at 4~ To identify duct cells cytokeratin 20 (CK20) was 
detected by a mouse monoclonal anti-human CK20 (clone Ks 
20.8; Dako, Glostrup, Denmark) at a dilution of i:25 [13]. An- 
tibody to rabbit polyclonal anti-glucose transporter type 2 
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(GLUT 2, 1:4000 dilution, East Acres Biologicals, South- 
bridge, Mass., USA), a beta-cell marker, was also used. Stain- 
ing was visualized by incubation either in 3,3 '-diaminobenzi- 
dinetetrahydro-chloride or naphtol-AS-MX-phosphate/fast 
red TR salt (Sigma) as chromogens. Controls consisted of 
omission of the primary antibody of the first or of the second 
cycle reaction. The specificity of the antibody against glucose 
transporter type 2 (GLUT-2) was determined by absorption 
with excess rat GLUT-2 peptide (kindly provided by Dr. 
A. J6rns, University of Hannover, Germany) overnight at 4 ~ 

Morphometry. Computer-assisted measurement of total alpha- 
and beta-cell areas in sections from the pancreatic head and 
tail was done at different time points according to previously 
described methods [12]. The total volume of the alpha- and 
beta-cells was calculated by the stereologic morphometric 
method with the following formula: A/Ap = V/Vp (A, hor- 
mone-immunoreactive area; Ap, pancreatic tissue area; V, to- 
tal endocrine cell volume; Vp, volume of pancreas) [12, 24- 
26]. The individual beta-cell profile area was measured in 12 
randomly selected islets by dividing the insulin-immunoreac- 
tive islet area by the number of insulin-positive cells. In addi- 
tion the individual cell area was measured for at least 20 single 
beta cells (located outside islets). 

To calculate the BrdU labelling index (BrdU LI), the num- 
ber of cells which were positive for both insulin and BrdU or 
glucagon and BrdU was determined and expressed as a mean 
percentage of beta or alpha cells, respectively, positive for 
BrdU. Also, the BrdU LI of duct cells was counted by double 
immunostaining for BrdU and CK20. For each animal at least 
500 cells were counted per pancreatic head and tail. Based 
upon the measured BrdU LI and the estimated S-phase dura- 
tion (Ts) of beta cells (6.4 h) previously described [9, 12, 13], 
the cell birth rate (CBR; i.e., the production of new cells per 
day) can be calculated with the equation: CBR= (LI Ts -1- 
24 h. This data is expressed as cells, cell -1 �9 day -1. The potential 
doubling time of the population can be calculated by the equa- 
tion: tpi~ = 1/CBR [27]. 

Stat&tical analysis 

Values are expressed as mean + SEM. A two-tailed paired or 
unpaired Student's t-test was used to test significance of the re- 
sults. 

Results 

Physiologic and metabolic data. G e n e r a l  phys io logic  
and  m e t a b o l i c  da ta  are  g iven in Table  1. The  b o d y  
weight  of  the  duct - l iga ted  an imals  did no t  increase  
ove r  the  14-day s tudy pe r iod  and  the  an imals  lost 
we igh t  in the  initial 3 days  (p < 0.01). The  weigh t  of  
the  panc rea t i c  h e a d  po r t i on  did not  change  signifi- 
cantly, bu t  tha t  of  the  tail po r t i on  d e c r e a s e d  consider-  
ably. B l o o d  glucose levels  dec rea sed  significantly 
t h r o u g h o u t  the  s tudy per iod ,  whe reas  p l a s m a  insulin 
levels  and  to ta l  panc rea t i c  insulin con ten t  r e m a i n e d  
unchanged .  

Formation o f  ductal complexes and small islets. The 
his tological  a p p e a r a n c e  of  the  panc rea t i c  tail pro-  
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Table 1. Body weight, blood glucose level, pancreatic weight and pancreatic insulin content in untreated and duct-ligated rats at 
different time points 

Experimental Body weight Blood glucose Pancreatic weight (mg) Plasma insulin Pancreatic 
group (g) (mmol/1) head tail (ng/ml) insulin 

(gg/pancreas) 

Untreated 308 + 7.0 (9) 6.2 + 0.3 385 +_ 25.2 576 _+ 32.8 3.4 +_ 0.5 (3) 150 _+ 6.7 (3) 
PDL-day 3 284 + 4.9 (10) b 4.6 + 0.2 a 361 + 16.1 529 + 19.1 4.2 _+ 0.5 (3) 153 + 13.1 (3) 
PDL-day 7 306 _+ 10.0 (9) 4.7 + 0.2 ~ 399 + 20.8 276 + 11.1 a 5.2 _+ 1.1 (3) 150 + 11.6 (3) 
PDL-day 14 307 + 8.7 (8) 4.6 + 0.2 a 444 _+ 37.3 188 + 29.4 a 4.4 + 0.2 (3) 166 + 17.5 (3) 

Values are means + SEM, with numbers of animals in parentheses. "p < 0.001; bp < 0.01 compared to untreated animals. PDL, Pan- 
creatic duct-ligated rats 

roundly changed after duct ligation, whereas the par- 
enchyma of the non-ligated head portion of the pan- 
creas did not differ from that of untreated rats. Dur- 
ing the first 3 days after ligation normal acinar cells 
disappeared and were replaced by small ductal struc- 
tures which formed ductal complexes. These changes, 
which have already been described previously in de- 
tail by others [28, 29], were associated with a fibrotic 
and inflammatory reaction involving numerous mac- 
rophages. On the fifth day, the pancreatic tail consis- 
ted of islets and ductal complexes which were embed- 
ded in connective tissue (Fig. 1A). Man}, cells of the 
connective tissue and ductal epithelium incorporated 
BrdU (Fig. 1B). After day 5, there was an increase in 
small islets, islet-cell clusters and single islet cells (re- 
cognized by hormone staining) (Fig.2). BrdU label- 
ling was found in islet cells, but to a much lower ex- 
tent than in duct cells (see below). 

Appearance of transitional and metaplastic cells. All 
duct cells stained for CK20 (Fig. 1A). In addition, 
duct-associated cells expressing both CK20 and insu- 
lin or glucagon were detected (Fig.3). These transi- 
tional cells were most frequent on days 3 and 5 post- 
ligation and later disappeared. In the non-ligated 
head portion, or in the pancreas of untreated rats, 
such transitional cells co-expressing islet hormone 
and CK20 were not observed. 

Immunostaining for GLUT-2, a known beta-cell 
marker, gave a weak reaction over ducts from the li- 
gated portion, but not over ducts from the non-ligat- 
ed portion of the pancreas (Fig. 4). In untreated rats 
GLUT-2 immunoreactivity was only seen on beta 
cells. Whereas GLUT-2 staining in islets was mem- 
brane-associated, it was largely cytoplasmic in the 
duct cells. The GLUT-2 reactivity in islets and ducts 
could be blocked by pre-incubating the antiserum 
with the GLUT-2 peptide. 

Morphornetry. The volume of the alpha- and beta-cell 
population was determined by morphometry in the 
head and tail of the pancreas (Fig. 5). During the first 
week after ligation there was nearly a doubling (1.7- 
fold) of the beta-cell population in the pancreatic tail. 
No difference in the population size was found in the 

Fig. 1 (A-B). Consecutive sections from the pancreatic tail, 5 
days post-ligation. Immunostaining for CK20 (A) only labels 
the duct cells (arrows). BrdU signals (B) are found in numer- 
ous duct cell nuclei (arrows) as well as in interstitial tissue cells 
(arrowheads). Bar, 30 ~tm 

non-ligated portion (head) of the pancreas. There was 
also a significant increase of the alpha-cell volume 
but this was only 20-30 % above the normal level. 
The individual size (area) of islet beta-cell profiles re- 
mained stable over the experimental period (Table 2). 

When an empirical distinction was made between 
small islets (and islet-cell clusters) with a profile area 
of less than 1000 ~m 2, and larger islets, we found a sig- 
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Fig.2. Seetion from the pancreatic tail, 7 days post-ligation. 
Double immunostaining for BrdU (brown) and insulin (red). 
Small islets, islet-cell clusters and single islet cells are common 
at this time point. Arrowheads: duct. Bar, 30 ~tm 

Fig.3. Section from the pancreatic tail, 5 days post-ligation. 
Double immunostaining for CK20 (brown) and insulin (red). 
Duct cells are seen which express both insulin and CK20 (ar- 
row@ Bar, 10 ~m 

nificant difference in the tail por t ion  of the pancreas 
be tween  un t rea ted  and duct- l igated animals on day 7 
(Table 3). In the tail of the l igated rats, there  were sig- 
nificantly more  small islets and islet-cell clusters 
( <  1000 ~m2), i.e. 67 vs 54 % in the un t rea ted  rats. 
The number  of single be ta  ceils was also significantly 
increased in the tail of the l igated rats on day 7 
(p < 0.001). In addit ion,  these single be ta  cells were 
smaller in individual  size (Table 2). 

BrdU labelling index. The BrdU pulse LI  of  beta, al- 
pha  and duct  cells was increased by a factor  of 5, 3 
and 10, respectively, in the pancreat ic  tail of the liga- 
ted rats (Fig. 6) as compared  to un t rea ted  rats. How- 

Fig. 4 (A-C). Section from an untreated rat (A) and from the 
pancreatic tail of a duct-ligated rat 7 days post-ligation (B, C). 
Immunostaining for GLUT-2 is present on the membrane of is- 
let beta cells (A, B) and the ductal cells (B). The immunoreac- 
tivity was completely abolished when the antiserum was prein- 
cubated with excess GLUT-2 peptide (C). Arrows, duct cells; 
arrowheads, islet cells. Bar, 20 ~m 

ever, the LI  of the islet cells r emained  well below 
1%,  whereas  the duct-cell prol i ferat ion was impres- 
sive (Fig. 1B) with up to 18 % of the cells being label- 
led. It was no ted  that  the proliferative peak for duct  
cells and alpha cells occurred earlier (day 3), than  
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Fig.5. Total beta- and alpha-cell  volumes  in unt rea ted  and 
ductqigated rats at different t ime points. Statistical analysis 
showed significant increase in the l igated tail of the pancreas 
on day 7 and 14 compared  to the earl ier  t ime points and un- 
t rea ted animals, and no significant differences in the non-ligat- 
ed head of the pancreas. *p < 0.05, **p < 0.01. PDL,  Pancreat ic  
duct ligation; II, head portion,  [ ] ,  tail por t ion 

for beta cells (day 7). In the non-ligated head portion 
of the pancreas, there was no increase in proliferative 
activity (Fig. 6). During the first post-ligation week, 
BrdU labelled cells were also frequent in the intersti- 
tial tissue (Fig. IB). 

Discussion 

Our objective was to investigate duct ligation of the 
pancreas as a model of islet beta-cell growth in adult 
rats. In particular, we wanted to know whether beta- 
cell growth results from replication of differentiated 
beta cells or from differentiation of non-endocrine 
precursors. In previous studies in which duct-tigated 
rats were followed up to a year post-operatively, a re- 
generative activity of the endocrine cells in the ligat- 
ed part of the pancreas was observed [30-32]. These 
studies suggested that new islets may form from duc-  
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Table 2. Cellular profile area of individual beta  cells located in 
islets or  as single cells, in unt rea ted  and duct-l igated rats at dif- 
ferent  t ime points 

Experimental Pancreatic head 01m 2) Pancreatic tail (gin 2) 

group Islet Single Islet Single 

Untreated 134 • 1.0 t22 + 2.7 135 + 1.2 125 • 2.8 
PDL-day 3 127 _+ 1.8 b 112 • 4.2 128 • 1.3 c 114 + 2.1 b 
PDL-day 7 133 • 1.9 ~ 116 • 2.1 132 + 1.4 109 + 2.5 c 
PDL-day 14 128 + 2.8 a 114 + 3.3 126 • 1.5 c 112 • 2.3 b 

Values are mean  • SEM. ap < 0.05; bp < 0.01; Cp < 0.001 com- 
pared to unt rea ted  animals. Statistical analysis showed signifi- 
cant differences be tween  the islet and single beta  cells in each 
group. PDL,  Pancreat ic  duct-l igated rats 

Table 3. Propor t ion  of beta-cell  clusters < 1000 ~Lm 2, and of 
single beta  cells, over  the total  beta-cell  area in unt rea ted  and 
duct-ligated rats at different t ime points 

Experimental Beta-cell area Single beta cells (%) 
group (< 1000 gm 2) (%) 

Head Tail Head Tail 

Untreated 50.4 + 1.9 53.7 + 1,6 0.91 • 0.3 0.94 _+ 0.1 
PDL-day 3 46.9 • 3.0 52.7 • 2.8 0.85 + 0.1 0.90 + 0.2 
PDL-day 7 49.8 + 1.6 66.6_+ 3,2a 0.93 • 0.t 2.14 • 0.] b 
PDL-day 14 52.3 • 1.6 56.3 • 3.0 0.94 • 0.2 1.86 • 0.3 c 

Values are mean  percentage  + SEM. a p < 0.01 compared  to 
unt rea ted  rats and other  t ime points of duct-l igated groups. 
b p < 0.001; c p < 0.01 compared  to unt rea ted  rats. PDL,  Pan- 
creatic duct-l igated rats 

tal precursor cells, but the relative contribution of 
this mechanism and of islet-cell replication could not 
be determined. In addition, no direct evidence for a 
transition from duct to islet cells was provided. 

Using computer-assisted stereological morphome- 
try, we demonstrated a significant increase in beta- 
cell volume in the duct-ligated part of the pancreas, 
whereas there was no increase in the non-ligated 
part of the pancreas. The beta-cell volume in the ligat- 
ed part nearly doubled (1.7-fold) within 7 days. This 
was entirely due to hyperplasia, thus increased cell 
number, since the individual beta-cell size did not in- 
crease over the study period. The observed increase 
in small islets, islet-cell clusters and scattered single 
islet cells suggested islet neogenesis. Although beta- 
cell hyperplasia was accompanied by a significantly 
increased BrdU pulse LI (5 times that of controls), 
this proliferative activity of differentiated beta cells 
could not account for the observed increase in total 
beta-cell volume. Based on an average pulse LI of 
0.5 % between day 3 and day 7, a potential CBR of 
1.9 % per day (or 0.019 cells-cell -1- day -1) or a po- 
tential population doubling time (tpD) of 53 days can 
be calculated (see Materials and methods). The time 
period of 53 days, however, is much longer than the 
population doubling in 1 week which we observed. 
We must therefore conclude that the replication of 
differentiated, i.e. insulin-expressing, beta cells 
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Fig.6 (A-C). BrdU labelling indices of duct (A), beta (B) and 
alpha cell (C) in untreated and duct-ligated rats at different 
time points. The cells were identified by immunostaining 
for CK20, insulin and glucagon, respectively. *p<0.05; 
**p < 0.01; ***p < 0.001. PDL, Pancreatic duct ligation; , ,  
head portion, [], tail portion 

could not account for their growth. A similar conclu- 
sion was reached previously for the fetal [9, 10] and 
the neonatal rat pancreas [12, 13]. In the fetal [6-10] 
and in the neonatal  pancreas [13], the main source of 
new islet cells is the ductal-cell precursor compart- 
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ment. From the present study we conclude that duct- 
cell proliferation and differentiation is also a potent 
mechanism for islet neogenesis in the adult rat. Duct 
cells, characterized by their specific expression of 
CK20 [13], exhibited a dramatic proliferative activity 
soon after duct ligation. They showed a tenfold in- 
crease in LI, and up to one-fifth of all duct cells ap- 
peared in the S-phase of the cell cycle as demonstrat- 
ed by BrdU incorporation. Double immunostaining 
for the ductal marker  CK20 and insulin or glucagon 
demonstrated the presence of transitional cytodiffer- 
entiation forms between duct and beta cells or alpha 
cells as previously reported in the neonate [13], there- 
by providing direct evidence for the differentiation of 
duct cells into islet cells. These data also support the 
concept of the duct cell as a common progenitor of is- 
let cells. To our knowledge direct evidence for such 
transitional cells in the adult pancreas has not been 
reported so far. In a recent paper, the existence of 
exocrine-endocrine transitional cells and of ductal- 
exocrine transitional cells was demonstrated in inter- 
feron-gamma transgenic mice, but duct-to-islet tran- 
sitional forms could not be demonstrated [17]. Unex- 
pectedly, we found GLUT-2 which in the normal pan- 
creas is only expressed in beta cells, also in duct cells 
of the ligated pancreatic tail. This indicates that the li- 
gation-stimulated duct cells do reach a metaplastic 
state and acquire properties of endocrine cells. Inter- 
estingly, a recent study showed that GLUT-2 is also 
expressed in pancreatic ductal epithelium of the fetal 
rat preceding islet formation [33]. 

Duct ligation induced the replacement of acinar 
tissue by ductal tissue. It has previously been shown 
that after duct ligation the acinar cells rapidly die by 
the process of apoptosis [28, 34]. Although transdif- 
ferentiation of some surviving acinar cells might con- 
tribute to the formation of ductal complexes [35], 
our observation of a pronounced proliferative activ- 
ity of cells expressing the ductal marker  CK20 sup- 
ports the notion that the duct cells are responsible 
for the tissue remodelling process. 

It is remarkable that duct and islet-cell prolifera- 
tion and differentiation occurred in the ligated part 
of the pancreas, w h i l e t h e r e  were no histological 
changes in the non-ligated part of the organ. This sug- 
gests a paracrine or autocrine regulation of the ob- 
served tissue remodelling by growth factors, but little 
is known about the factors which regulate these 
events. The massive cell death attracts numerous 
macrophages which phagocytose dead cells [29, 34]. 
Subsequently, there is an active proliferation of both 
stromal fibroblasts and duct cells [31, 34, 36, this 
study]. It has been previously suggested that the re- 
cruited macrophages may play a regulatory role in 
the tissue regenerative process by producing growth 
factors [28, 29, 34, 36]. For instance transforming 
growth factor-a, a factor that can be produced by 
macrophages, has been proposed as a regulator of 
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duct-cell  p ro l i fe ra t ion  and d i f ferent ia t ion  [18].The 
ident i f icat ion of  these factors  is of  in teres t  because  
they  could  be useful  to induce  beta-cel l  r egenera t ion  
in adult  subjects in w h o m  the beta-cel l  popu la t ion  
has b e c o m e  too small to regula te  glucose homeos ta -  
sis, such as in diabet ic  pat ients  [19, 20]. 
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