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Summary Regeneration of neonatal beta cells after 
streptozotocin (STZ)-induced destruction may be 
due to either replication from pre-existing intra-islet 
beta cells or extra-islet precursor cells. To further in- 
vestigate this issue, beta-cell growth was analysed in 
normal and streptozotocin-treated newborn rats 
(100 ~g/g body weight) at several time points during 
the first 20 days of life. Beta cells were identified by 
insulin immunostaining, non-isotopic in situ hybridi- 
zation for rat preproinsulin mRNA, and electron mi- 
croscopy. Their proliferative activity was recorded 
by bromodeoxyuridine-pulse labelling. Beta-cell size 
and total volume were determined by computerized 
morphometry. In normal rats, there was a threefold 
increase in total beta-cell volume during the first 5 
days of life, with no further expansion till day 20. 
The bromodeoxyuridine labelling index of the intra- 
islet beta cells was smaller than that of the extra-islet 
beta cells (2-3 % vs 15-20 %). Comparison of the 
cell birth rate, calculated from the beta-cell labelling 
index, with the observed increase in beta-cell volume 
suggested that in normal neonatal rats proliferation 

of the intra-islet beta-cell population could account 
for only 10 % of the observed expansion. Administra- 
tion of streptozotocin at birth resulted in more than 
90 % reduction of the total beta-cell volume at day 2, 
which then increased to 39 % of the normal value by 
day 20. During this period of partial regeneration, 
which restored normoglycaemia, the labelling index 
of intra-islet beta cells was higher than in normal 
rats (9 % vs 2 %, p < 0.001), whereas no change was 
seen in the extra-islet beta-cell labelling index. Com- 
parison of cell birth rate with the increase in beta- 
cell volume indicated that 50-60 % of the observed 
beta-cell growth could result from the intra-islet 
beta-cell proliferation. These results suggest that re- 
plication from pre-existing, surviving beta cells plays 
an important role in regeneration of neonatal beta 
cells after destruction by streptozotocin. [Diabetolo- 
gia (1994) 37: 1088-1096] 
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The study of the growth potential of pancreatic beta 
cells has elicited considerable interest during recent 
years because of its implications for the understand- 
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ing of the pathogenesis of diabetes and potential 
treatment of this disease [1-3]. In the rat fetus, quan- 
titation of the mitotic activity within islets has dem- 
onstrated that the replication of differentiated islet 
cells is insufficient to explain the observed increase 
in endocrine tissue [4-5]. Therefore, neogenesis of is- 
let cells is thought to occur through differentiation of 
precursor cells which probably stem from the ductal 
cell pool [6-11]. This mechanism, which appears to 
continue in the early postnatal period, was also pro- 
posed to account for the observed regeneration of 
beta cells after their destruction by streptozotocin 
(STZ) [12-13]. However, other investigators have re- 
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po r t ed  an e l eva t ed  mi to t ic  act ivi ty of  islet cells in 
S T Z - t r e a t e d  neona t a l  rats  and  conc luded  tha t  pre-ex-  
isting, d i f fe ren t ia ted  be t a  cells tha t  surv ived  the STZ-  
d a m a g e  are  respons ib le  for  be ta-ce l l  r e g e n e r a t i o n  
[14-16]. 

The  p u r p o s e  of the  p re sen t  s tudy was to get fu r the r  
insight into the  process  of  r egene ra t i on  of  neona t a l  
be ta  cells a f ter  the i r  sub to ta l  des t ruc t ion  by  STZ.  
The re fo re ,  we d e t e r m i n e d  site, dynamics  and  capaci-  
ty of  beta-cel l  p ro l i f e ra t ion  in n o r m a l  and STZ- t r ea t -  
ed neona t a l  rats  by  using i m m u n o c y t o c h e m i c a l  dou-  
ble staining for  the thymid ine  ana logue  b r o m o d e o -  
xyur id ine  ( B r d U )  and  panc rea t i c  h o r m o n e s  com-  
b ined  with compute r -a s s i s t ed  m o r p h o m e t r y .  N o t  ye t  
g ranu la t ed  or severe ly  deg ranu la t ed  be t a  cells were  
ident i f ied by  non- i so top ic  in situ hybr idizat ion.  

Materials and methods 

Animals and tissue processing. Newborn Wistar rats (Katho- 
lieke Universiteit Leuven, Proefdierencentrum, Heverlee, 
Belgium) were divided randomly into two groups, the STZ 
group and the normal control group. Within 12 h after birth, 
animals of the STZ group received a single intraperitoneal in- 
jection of 100 >g streptozotocin (Sigma, St. Louis, Mo., USA) 
per gram body weight, freshly dissolved in citrate buffer pH 
4.5 as described previously [17]. Controls were injected with 
the equivalent volume., of citrate buffer. Animals were fed ad 
libitum throughout the study and kept in an environment of 
constant temperature, humidity and day-night cycle. Control 
and STZ-treated rats were killed by decapitation 0, 2, 5, 9, 13 
and 20 days after birth. Eight to fourteen rats per time point 
and group were studied. One hour before decapitation, ani- 
mals from both STZ and control groups were injected intra- 
peritoneally with 5-bromo-2-deoxyuridine (BrdU) (Boehrin- 
ger Mannheim, Germany) dissolved in phosphate buffered sal- 
ine, at a dose of 50 mg/kg body weight [18]. 

Body weights of the neonatal rats were assessed at the on- 
set and the end of the experiment. Blood glucose measure- 
ments were taken on the day of decapitation with a Glucos- 
cot II device (Kyoto Daiichi Kagaku Co. Ltd, Kyoto, Japan). 
The whole pancreas was excised and its volume determined 
according to Archimedes' principle by immersion in saline so- 
lution [19]. The tissue was then fixed in 4 % paraformalde- 
hyde overnight, dehydrated and embedded in paraffin ac- 
cording to a standardized protocol. Pieces of pancreatic tis- 
sue from rats killed on days 2 and 5 were fixed in 2.5 % (vo- 
lume/volume) glutaraldehyde for electron microscope exami- 
nation. 

Double immunocytochemistry. Two sets of six serial sections 
(section thickness 3 b~rn) were cut from the paraffin blocks at 
60-btm intervals. The sections were first immunostained for 
BrdU using the ABC/HRP method (streptavidin-biotin horse- 
radish peroxidase complex; Dako, Glostrup, Denmark) and 
developed with DAB (3,3-diaminobenzidinetetrahydrochlor- 
ide; Sigma, St. Louis, Mo., USA) [18]. DNA denaturation was 
obtained by incubating the sections with 2 normals HC1 for 30 
min at 37~ and BrdU was detected by mouse monoclonal 
anti-BrdU antibody (Euro-Diagnostics, Apeldoorn, The Neth- 
erlands) diluted 1:10, overnight at 4~ The same tissue sec- 
tions were then stained with a mouse monoclonal anti-insulin 
antibody (Biogenex, San Ramon, Calif., USA) or with a mix- 
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ture of mouse monoclonal anti-glucagon (diluted 1:1000) and 
somatostatin (diluted 1:5000) antibodies (Novo Nordisk, Gen- 
tafte, Denmark). These monoclonal antibodies were detected 
using the ABC/AP method (streptavidin-biotin-alkaline phos- 
phatase complex) and NAMP/Fast Red (naphtol-AS-MX- 
phosphate/fast red TR salt, Sigma) as chromogen to obtain a 
red reaction. Negative controls for the staining techniques con- 
sisted of omission of the 2 normals HC1 treatment (BrdU), or 
omission of the primary antibodies. These tests resulted in ne- 
gative staining reactions. 

In situ hybridization. For detection of preproinsulin mRNA, 
cocktails of six synthetic single stranded oligonucleotide 
probes (30 mers) were used. They were chemically labelled at 
their 5 ends with digoxigenin (DIG) (British Biotechnology 
Products Ltd, Abingdon, UK). The in situ hybridization 
protocol used in the present study was essentially that of 
Komminoth [20]. Consecutive sections (3 ~*m) from normal 
and STZ-treated neonatal rats at days 2 and 5 were mounted 
on sialinized slides and deparaffinized and rehydrated 
through graded concentrations of ethanol. Pretreatment con- 
sisted of the following steps: 0.2 mol HC1 for 20 rain, 0.3 % 
Triton X-100 for 15 min, proteinase K at 10 btg/ml in protei- 
nase K-buffer for 30 min at 37 ~ 0.2 % glycine for 1 min and 
4 % paraformaldehyde for 5 min at 4 ~ The sections were 
prehybridized for 3 h at 37 ~ in a solution containing 50 % 
deionized formamide and 2 x sodium chloride, sodium citrate 
(SSC) and hybridized for 16 h at 37 ~ The final hybridization 
solution contained 50 % deionized formamide, 10 % dextran 
sulphate, 1 x Denhardt's solution, 4 x SSC, 250 bLg/ml yeast 
t-RNA, 500 gg/ml herring sperm DNA and 150 ng/ml 
DIG-preproinsulin mRNA probes. Post-hybridization washes 
were through graded concentrations of SSC solution. 
Slides were then incubated for 30 min in 0.3 % TritonX-100 
and 2 % normal sheep serum, followed by an incubation for 
3 h at room temperature with alkaline phosphatase-con- 
jugated polyclonal sheep anti-DIG antibody (diluted 1:1000, 
Boehringer Mannheim). The reaction product was visualised 
by an enzyme-catalysed colour reaction using nitro blue tetra- 
zolium and 5-bromo-4-chloro-3-indolyl-phosphate medium, 
containing 1 mmol/1 levamisole (Sigma) to block endogenous 
alkaline phosphatase activity. Sections were incubated in a 
dark box overnight at room temperature until the coloured re- 
action product developed at the sites of hybridization. The re- 
action was stopped by placing slides in 10 mmol/1 Tris-HC1 pH 
8.1 and 1 mmol/1 EDTA pH 8.0. The specificity of preproinsu- 
lin mRNA oligonucleotide probes was tested by omission of 
the probes and pretreatment of tissue sections with RNase 
(100 btl/ml in 2 x SSC/10 mmol/1 MgC12 at 37 ~ for i h), which 
abolished all reactivity. 

Morphometry. To determine the beta-cell volume density in 
the pancreas, each gland was sectioned throughout its length 
to avoid any bias due to regional variation in islet distribution 
and cell composition. Islets were defined arbitrarily as endo- 
crine cell aggregations composed of more than three insulin- 
immunoreactive cells associated with more than three gluca- 
gon somatostatin immunoreactive cells. All other endocrine 
cell aggregations were considered extra-islet cell clusters. The 
total area of the pancreatic section was measured as well as 
the total insulin-immunoreactive area inside (intra-islet) and 
outside the islets (extra-islet). Areas of islets and single cells 
were traced manually. This was done with a Zeiss Axiophot mi- 
croscope connected by a colour video camera to a Macintosh 
Quadra 700 computer, and using existing software (NIH Im- 
age 1.41). The total beta-cell volume was calculated by the ste- 
reological equation [21]: A/Ap = V/Vp (A = total insulin-posi- 
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Table 1. Body weight and pancreatic volume of normal and STZ-treated neonatal rats at different time points 

Day Body weight (g) Pancreatic volume (mm 3) 

Control STZ Control STZ 

0 6.32 + 0.16(9) ND 27.78 + 2.22 ND 
2 7.98 + 0.11(14) 6.92 _-2 0.19(14) a 29.28 + 0.89 28.57 + 2.06 
5 12.05 + 0.29(14) 9.73 + 0.44(14) a 38.93 + 1.07 34.62 • 1.55 b 
9 19.50 + 0.90(8) 18.10 + 0.93(8) 47.50 + 2.50 46.25 + 2.63 

13 26.94 + 0.57(9) 24.29 + 1.66(9) 70.00 + 2.21 68.89 + 3.80 
20 43.90 __+ 2.20(8) 40.70 + 1.49(9) 133.75 + 6.25 133.75 -+ 7.06 

Values are means + SEM with numbers of animals in parentheses. ND, not done. 
ap < 0.001; bp < 0.05 VS control 
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Fig.1. Blood glucose levels (top, �9 Control, O STZ)and total 
beta-cell volumes (bottom, []  Control, [] STZ) of normal and 
STZ-treated neonatal rats during the first 20 days of life. Sta- 
tistical analysis of beta-cell volume showed significant differ- 
ences between the two groups at all time points (p < 0.001). In 
the STZ-group, beta-cell volume based on immunocytochemi- 
cal ([~) or in situ hybridization ( 1 )  results significantly dif- 
fered at day 2 (bottom inset). *p < 0.05; ***p < 0.001 

tive area; Ap = total pancreatic section area; V = volume of 
beta cells; Vp = volume of pancreas). 

To determine the cellular profile area of individual in- 
tra-islet or extra-islet insulin-immunoreactive cells, two 
randomly selected sections from each time point were used 
to measure the first ten insulin-immunoreactive islet areas, 
which were then divided by the number of insulin-immu- 
noreactive cells in these islets. The same was done with 

the insulin-immunoreactive cells in the extra-islet compart- 
ment. 

To calculate the BrdU labelling index, the number of cells 
which were positive for both insulin and BrdU in and outside 
the islets was determined and expressed as a mean percentage 
of BrdU labelling index of beta cells. The area of glucagon-so- 
matostatin cell immunoreactivity and the number of BrdU la- 
belling index of these cells were similarly determined. 

Calculation of proliferative and growth parameters. The meth- 
od for estimating the cell birth rate has previously been de- 
scribed in detail by Swenne [22]. The labelling index repre- 
sents the fraction of cells in S-phase. Assuming the S-phase 
duration of beta cells (Ts) to be 6.4 h [15], the cell birth rate 
(CBR, i.e. the production of new cells per 24 h) can be cal- 
culated with the equation: CBR = (LI/Ts)24 h. The growth 
rate of beta cells (KG) was calculated with the equation: 
K G = (Vt/Vo)l/t (K G = growth rate of beta cells; Vt = the vo- 
lume of beta cells on a certain time point; Vo = the volume of 
beta cells on a time point before Vt; t = the time between Vt 
and Vo.) [23]. The data are expressed as fractional increase 
per day (cells. cell -1 �9 day-l). 

Statistical analysis 

Values are expressed as mean + SEM. Differences between the 
control and STZ-group rats were evaluated using unpaired 
Student's t-test for independent observations. 

Results 

Body weight, blood glucose levels and pancreatic vol- 
ume. N o r m a l  n e o n a t a l  rats  s h o w e d  a s even - fo ld  in- 
c rease  in b o d y  w e i g h t  f r o m  the  day  of  b i r th  to  day  
20. I n  the  S T Z - t r e a t e d  rats  this we igh t  inc rease  was  
m a r k e d l y  r e t a r d e d  (Table  1). Two days  a f te r  S T Z  
t r e a t m e n t ,  t he  b l o o d  g lucose  p e a k e d ,  s u b s e q u e n t l y  it 
d e c r e a s e d  and,  by  day  9, was  no  l o n g e r  d i f f e ren t  
f r o m  tha t  o f  con t ro l s  (Fig. 1, top) .  P a n c r e a t i c  v o l u m e  
i n c r e a s e d  s lowly du r ing  the  first 9 days  o f  life a n d  ex- 
p a n d e d  m a r k e d l y  the rea f t e r .  T h e r e  w e r e  no  d i f fe ren-  
ces in the  p a n c r e a t i c  v o l u m e s  b e t w e e n  n o r m a l  a n d  
S T Z  rats, excep t  on  day  5. 

Morphology. O n  day  2, the  n o r m a l  n e o n a t a l  p a n c r e a s  
s h o w e d  n u m e r o u s  d i f f e ren t ly  s ized e n d o c r i n e  cell 
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Fig.3. Electron micrograph of neonatal rat pancreas on day 2, 
showing beta cells in close contact with the ductular epithe- 
lium. Note that the beta cells do not reach the ductal lumen 
(arrow). x 5400 

Fig.2A, B. Double BrdU-insulin immunostaining of beta-cells 
of a neonatal normal (A) and STZ-treated (B) rat on day 2. 
(A) Islet adjacent to a duct (arrow). Extra-islet beta-cell clus- 
ter (double arrow). (B) Scattered insulin-immunoreactive 
cells within and outside an islet. Arrow indicates BrdU label- 
led cell. Original magnification, x 400 

clusters which were randomly scattered throughout 
the acinar tissue. Endocrine cell clusters composed 
of more than three insulin-immunoreactive cells asso- 
ciated with more than three glucagon or somatostatin 
cells or both were considered as islets. All the smaller 
endocrine cell aggregations were considered as extra- 
islet cell clusters (Fig. 2A). Electron microscopically, 
these extra-islet beta cells were often found, either 
alone or in association with a single non beta cell, clo- 
sely associated with or incorporated into the ductular 
epithelium. When lying between the ductular cells, 
they failed to reach the ductal lumen (Fig. 3). During 
the subsequent days the islets became more promi- 
nent and the number of extra-islet-cell clusters de- 
creased gradually. 

On day 2, the pancreas of STZ-treated rats showed 
a severe reduction in insulin-immunoreactive cells 
(Fig. 2B), mainly in the well-defined areas which ac- 
cording to their number and arrangement of non- 
beta cells represented islets. Some of the intra-islet 
beta cells appeared to be partially degranulated. The 
reduction and degranulation of beta cells in the ex- 

tra-islet-cell compartment  was much less severe. 
Electron microscopically, mitotic figures were ob- 
served in a few of the surviving beta cells. During the 
subsequent days, the relative number of beta cells 
within the islets and their insulin-immunoreactivity 
gradually increased, while the extra-islet beta-cell 
compartment  did not change very much. 

To identify all beta cells regardless of their secre- 
tory granule content, ISH for rat preproinsulin 
m R N A  was performed on days 2 and 5 (Fig. 4). In 
controls, there were no differences between the num- 
ber of beta cells detected by in situ hybridization or 
immunocytochemistry. In the STZ group, immunocy- 
tochemical staining revealed 37 % fewer beta cells in 
the islets on day 2 than in situ hybridization 
(p < 0.005) (see also Fig. 1). This difference was less 
pronounced for extra-islet beta cells (17 %; NS). On 
day 5, the difference between immunocytochemistry 
and in situ hybridization was no longer statistically 
significant (data not shown). 

BrdU labelling index. The BrdU labelling index of 
beta cells in control and STZ rats as determined by 
double immunocytochemical staining (Fig.2) is 
shown in Fig.5. The BrdU labelling of intra-islet 
beta cells gradually decreased in the control group 
with time. In STZ rats, the BrdU labelling index for 
intra-islet beta cells was higher than that of controls, 
while the BrdU labelling index of extra-islet beta 
cells was similar in normal and STZ-treated rats. The 
BrdU labelling index of non-beta cells (alpha- and 
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Fig. 4a-d. Comparison of in situ hybridization for rat preproin- 
sulin mRNA and immunostaining for insulin in the pancreas of 
a neonatal normal (a, b) and STZ-rat (c, d) on day 2. (c) Some 
beta cells hybridized for preproinsulin mRNA (arrows), 
lacked immunostaining for insulin (d) (arrows). Original mag- 
nification, x 400 

delta cells) from intra- and extra-islet regions showed 
no significant differences between the two groups 
(Fig.5). 

Morphometric Analysis 

Beta-cell volume: In control rats, the total beta-cell 
volume showed a three-fold increase during the first 
5 days of life. The beta-cell volume was 
0.356 + 0.03 mm 3 on the day of birth and 1.074 + 
0.067 mm 3 at day 5 (Fig. 1 bottom). From day 5 to 
day 20, there was no further significant increase. In 
STZ-rats, coinciding with the peak of hyperglycae- 
mia, there was a severe reduction of the beta-cell vol- 
ume on day 2. After  day 5, it gradually increased, and 
at day 20, it reached 39 % of the control values. At  
all time points studied the beta-cell volume was sig- 
nificantly different between the control and STZ 
group (p < 0.001). The beta-cell volume of STZ-rats 

on days 2 and 5 based on the identification of beta 
cells by in situ hybridization (ISH) is shown in Figure 
1 (the inset of bottom graph) and compared with the 
immunocytochemical results. This comparison shows 
that the beta-cell volume on day 2 based on in situ hy- 
bridization labelling is significantly higher than that 
based on immunocytochemical labelling. 

Beta cell area: In the control group, the ratio of extra- 
islet beta-cell area over total beta-cell area gradually 
decreased after birth. The same was observed in 
STZ-rats, but the ratio was significantly higher 
(p < 0.001, Fig. 6). This was due to a marked reduc- 
tion in the intra-islet beta-cell area, compared to a 
small reduction (on day 2) and later even an increase 
(on days 9, 13 and 20) in the extra-islet beta-cell area 
in the STZ group (Fig. 7). The ratio of the non-beta 
(alpha and delta) cell area within and outside the is- 
lets showed no significant differences between the 
two groups (Fig. 7). 

Size of individual Beta cells: In controls the mean cel- 
lular profile area of extra-islet beta cells was signifi- 
cantly smaller than that of intra-islet beta cells at 
days 0 and 2. The same was true for STZ-treated rats 
only on day 9, but not at other time points (Table 2). 
No significant differences were found between the 
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Fig.5a-d.  BrdU labelling indi- 
ces (LI) of beta cells (a, c) or 
non-beta cells (b, d) within and 
outside the islets. Statistical 
analysis showed significant dif- 
ferences in (a) p < 0.001, and no 
significant differences in (b, c, 
d). [] Control, [] STZ 
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Fig.6. Ratio of the extra-islet beta-cell area over the total 
beta-cell area. Values are expressed as percentage + SEM. 
[]  Control,  [] STZ 

beta-cell volume were used to calculate cell birth 
rate and the growth rate of the beta-cell compart- 
ment (K6) in normal and STZ-treated neonatal rats 
at different time points (Table 3). The cell birth rate 
and K~ decreased in both groups with age. In STZ- 
rats, however, the cell birth rate of intra-islet beta 
cells was higher than that of normal rats (p < 0.01), 
whereas the cell birth rate of extra-islet beta cells 
was the same in normal and STZ rats. Comparison 
of the cell birth rate of intra-islet beta cells with the 
K G revealed a seven- to ten-fold lower cell birth rate 
in normal rats and three-fold rate in STZ-rats during 
the first 5 days (Table 3). The cell birth rate of extra- 
islet beta cells, on the other hand, correlated well 
with the K o in both normal and STZ rats. When the 
K~ in STZ rats at day 5 was calculated on the basis 
of the in situ hybridization results (see also Fig. 1), it 
was found to be lower than that based on immunocy- 
tochemistry results (Table 3). 

control and STZ rats for all time points tested, except 
for day 2 when the mean intra- and extra-islet beta- 
cell sizes were found to be smaller in STZ rats than 
in controls (Table 2). 

Cell birth rate and growth rate of  Beta-cell compart- 
ment. The values obtained for labelling index and 

Discussion 

Studies in neonatal rats with STZ-induced diabetes 
have been controversial regarding the site of beta- 
cell regeneration [12-15]. In this investigation we de- 
monstrate that regeneration of neonatal rat beta 
cells after subtotal destruction by STZ occurred by 
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Fig. 7a-d. Ratio of total intra- or 
extra-islet beta-cell (a, c) or non- 
beta (alpha and delta) cell area 
(b, d) over the whole pancreatic 
section area. Values are expres- 
sed as percentage + SEM. Statis- 
tical analysis showed significant 
differences between the two 
groups at all time points (a) 
(p < 0.001); (b, c, d) *p < 0.05; 
**p < 0.01; ***p < 0.001. [] Con- 
trol, [] STZ 

Table 2. Cellular profile area of individual intra- and extra-islet beta cells in normal and STZ-treated rats 

Day Control (~llm 2) STZ ([xm 2) 

intra-islet extra-islet intra-islet extra-islet 

0 71.98 + 4.64 51.78 _+ 3.59 ad ND ND 
2 74.42 + 4.39 52.22 +_ 2.85 ae 57.37 _+ 3.50 b 46.98 + 1.58 b 
5 74.23 _+ 3.02 62.79 _+ 3.64 67,41 + 3.21 63.29 + 2.95 
9 72.93 + 3.15 66.33 -+ 2.48 69.62 + 1.97 55.93 + 3.30 ae 

13 71.34 + 3.15 58.37 + 2.58 72.86 + 3.25 59.58 + 3.85 
20 73.56 _+ 2.38 62.05 + 4.60 66.39 _+ 2.98 61.35 +_ 3.83 

ND, not done. aComparison of intra- and extra-islet beta-cell values. Up < 0.05 compared with the respective values in controls on 
day 2 and STZ rats on day 5. Cp < 0.001, dp < 0.01, ep < 0.05 

two mechanisms which are quant i ta t ively  of about  
equal  significance. The  first mechan ism was a replica- 
t ion of surviving be ta  cells in the islet compar tmen t ;  
the second mechan i sm a repl icat ion of cells f rom a 
beta-cel l  pool  outs ide the islet compar tmen t .  This 
cont ras ted  with the s i tuat ion in normal  neona ta l  rats 
where  beta-cel l  p ro l i fe ra t ion  within the islets was 
much  too low to account  for  the growth of the total  
beta-cel l  populat ion.  

In the normal  neona ta l  rat  pancreas,  be ta  cells are 
e i ther  c lustered in wel l - formed islets or present  as 
single beta  cells or  small cell clusters sca t te red  
th roughou t  the exocr ine  pancreas  (extra-islet  beta-  
cell compar tment ) �9  The  intra-islet  beta-cel l  compar t -  
men t  showed a low prol i fera t ive  activity, as demon-  
s t ra ted by B r d U  labelling, which compares  with a 
m a r k e d  expans ion  of the total  beta-cel l  popula t ion ,  
as observed  by morphomet ry .  The  cell bir th  ra te  en- 
suing f rom this activity was the re fo re  much  smaller  

than  the growth rate  of the total  beta-cel l  volume,  
i.e. 6-10 % versus 67-74 % per  day. These  data  indi- 
cate that  abou t  90 % of the beta-cel l  growth occur- 
red outside the islet compar tmen t .  Examina t ion  of 
the extra-islet  be ta  cell c o m p a r t m e n t  revea led  a high 
prol i fera t ive  activity, with a cell bir th ra te  similar to 
the obse rved  growth rate  of the total  beta-cel l  vo- 
lume. However ,  as the size of this c o m p a r t m e n t  was 
less than  4 % of all beta-cells, it was obviously too 
small to account  for  the observed  growth of  the total  
beta-cel l  volume�9 We the re fo re  assume the existence 
of  a p recursor  cell popu la t ion  which is responsible  
for  beta-cel l  neogenesis  and par t icular ly  feeds the ex- 
tra-islet  beta-cel l  compar tmen t .  The puta t ive  (yet  to 
be ident if ied)  p recursor  cells m ay  give rise to the 
small and possibly immatu re  be ta  cells which com- 
pose the extra-islet  compar tment �9  Since ul t rastructu-  
rally beta  cells, e i ther  isolated or in small clusters, 
were  c o m m o n l y  found  to be associated with duc- 
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Table 3. Comparison of cell birth rate (CBR) of intra- or extra-islet beta cells and growth rate (KG) of the beta-cell compartment in 
normal and STZ-treated neonatal rats at different time points 

Day Control STZ 

CBR K G CBR K~ 

intra-islet extra-islet intra-islet extra-islet 

0 0.103 + 0.007 0.55 + 0.06 - ND ND - 
2 0.102 _+ 0.006 0.78 + 0.06 0.74 + 0.12(9) 0.234 _+ 0.026 0.78 _+ 0.08 - 
5 0.063 + 0.005 0.64 + 0.05 0.67 + 0.08(12) 0.313 + 0.057 0.76 + 0.08 0.83 + 0.09(12) a 
9 0.028 + 0.002 0.42 + 0.05 0.28 _+ 0.02(7) 0.108 _+ 0.010 0.33 _+ 0.03 0.56 _+ 0.08(7) 

13 0.026 _+ 0.002 0.33 + 0.03 0.33 + 0.03(7) 0.067 + 0.007 0.42 + 0.03 0.44 _+ 0.06(7) 
20 0.011 + 0.001 0.25 _+ 0.03 0.16 _+ 0.01(6) 0.050 + 0.005 0.28 _+ 0.02 0.29 _+ 0.06(6) 

Calculated CBR and K G rates are expressed as cells, cell 1. dayl .  The numbers of animals are given in parentheses. ND, not done. 
a K~ calculated from the in situ hybridization results was 0.54 _+ 0.04 

tules, the putative precursor cells most likely belong 
to the ductal cell pool [6-11]. 

During the first 5 days of life we found a three-fold 
increase in the beta-cell mass which for the subse- 
quent 15 days remained relatively constant. This sug- 
gests that the period crucial for the expansion of the 
neonatal beta-cell population may be limited to the 
first postnatal days, and it may even be speculated 
that the early neonatal period is decisive for the 
beta-cell volume of the adult pancreas. McEvoy [24, 
25] also noted a much faster beta-cell growth during 
the first postnatal days than in a later period (days 
10 to 20). However,  in contrast to our results, he 
found only an increase in beta cells of about 50 % be- 
tween day 0 and 6 (when we had a 300 % increase) 
and another 50% increase between days 6 and 10 
(when we noted no further significant changes). So 
far, there is no ready explanation for these discrepan- 
cies but the use of different morphometric  methods in 
McEvoy's  and our studies may play an important 
role. 

STZ administralLion on the day of birth reduced 
the total beta-cell volume on day 2 by 90 %. Since on 
day 20 only 39 % of the normal beta-cell volume was 
regained, regeneration of the beta cells was incom- 
plete. This finding which confirmed results from pre- 
vious studies [14-16], has been used to explain the 
diabetes which is known to reappear at the age of 
6 weeks [15-17]. The reason for the incomplete re- 
generation of the neonatal beta cells after their subto- 
tal destruction is not known. One possibility is that 
restoration of normoglycaemia also abolishes the 
main stimulus for beta-cell regeneration. Alternative- 
ly, if neonatal beta-cell growth through neogenesis is 
largely restricted to the first days of life, beta-cell re- 
generation may be as well. 

STZ particularly affected the beta cells within the 
islets because the reduction of the intra-islet beta- 
cell compartment  was greater ( > 90 %) than that of 
the extra-islet beta cells. Thus, more than 20 % of all 
surviving beta cells were found outside the islets 
where normally less than 4 % are present. All the sur- 
viving beta cells were the size of normal extra-islet 

beta cells which were found to be smaller than nor- 
mal intra-islet beta cells. Moreover,  the BrdU label- 
ling of surviving intra-islet beta cells was close to 
that of extra-islet beta cells. These observations fur- 
ther indicate that there may be a subpopulation of 
beta cells characterized by low sensitivity to STZ, 
small size and high mitotic activity, which may be in- 
termediate in differentiation between presumptive 
(insulin-negative) beta-cell precursors and mature 
beta cells within the islets. 

In the STZ-treated rats, the contribution of the in- 
tra-islet cell birth rate to total beta-cell growth was 
greater (i.e. up to 38 % on day 5, see Table 3) than in 
the normal neonatal pancreas where it was only 
10 %. As it was conceivable that we underestimated 
the number of surviving beta cells on day 2 because 
of severe degranulation, we performed in situ hybri- 
disation for preproinsulin m R N A  and compared the 
mRNA-immunoreact ive  cell area with the protein- 
immunoreactive cell area [26]. The analysis revealed 
that immunocytochemistry detected only 60 % of the 
beta cells present in the islets at day 2, while there 
was no significant difference between hybridized 
and immunocytochemically labelled beta cells on 
day 5. This implies that the growth rate calculated 
for day 5 was overestimated since it was based on 
the protein immunoreactive area. Consequently, the 
contribution of the intra-islet cell birth rate to the ac- 
tual growth could be higher and account for 50 to 
60 % of the total beta-cell growth. Replication from 
surviving intra-islet beta cells therefore represented 
at least an equally important regeneration mecha- 
nism after STZ-treatment as replication and prob- 
ably neogenesis of beta cells from the extra-islet com- 
partment. 

It has been suggested that the neogenesis and pro- 
liferation of extra-islet "single" beta cells may give 
rise to new islets leading to an increase in the total 
number of islets in the pancreas [12-13, 27]. This 
mechanism has also been discussed for beta-cell re- 
generation after STZ treatment [14, 16]. However,  
this potential increase in islet number is difficult to 
quantify in absolute terms because of the stereologi- 
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cal p rob lems  inheren t  to the var iable  shape and size 
of  the islets [28]. As our  studies on  islet densi ty were  
also inconclusive,  we are not  able to cont r ibu te  to 
this difficult issue. However ,  consider ing the fact 
that  the extra-islet  beta-cel l  c o m p a r t m e n t  is con- 
spicuously r educed  when  neona ta l  and adult  rat  pan- 
crea ta  are compared ,  it is most  l ikely that  the extra-is- 
let beta-cel l  clusters ma tu re  into fu l ly-developed  is- 
lets with aging of  the pancreas.  

In conclusion,  the pro l i fe ra t ion  of  immature -ap-  
pear ing  extra-islet  be ta  cells and their  (yet  to be iden- 
tified) precursors  p robab ly  represents  the majo r  
mechan ism of  beta-cel l  genera t ion  in normal  neona-  
tal rats. Af t e r  S T Z  des t ruc t ion  of  be ta  cells, this me-  
chanism seems to be of  less impor tance ,  because  the 
repl icat ion f rom pre-existing, surviving be ta  cells 
within the islets plays a quant i ta t ively  impor tan t  
role. The  be ta  cells which survive S T Z  des t ruct ion  
p resumably  be long to a less d i f ferent ia ted,  imm a tu re  
cell popu la t ion  which retains a high mitot ic  potent ial .  
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