
Nutrition during the perinatal period is of major im-
portance for proper tissue development and function-
al maturation. Epidemiological studies in humans
have recently suggested that complex metabolic dys-
functions during adulthood, such as glucose intoler-
ance or insulin resistance, could originate from in ute-
ro malnutrition [1±3]. Experimental animal models

based on in utero or perinatal malnutrition can pro-
vide evidence on the structural development or func-
tional maturation of the endocrine pancreas in re-
sponse to this early insult.

Perinatal nutrition in rats influences the pancreatic
islet mass; indeed the islet volume of 21-day-old rats
which had been segregated at birth into small litters
(5 per litter) has been shown to be three times that
of animals nursed in large ( > 13 animals) litters [4].
In the young rat, protein-energy restriction after
weaning severely alters beta-cell mass and this im-
pairment cannot be compensated for by normal re-
feeding [5]. Interestingly, an isocaloric low-protein
diet given to female rats throughout pregnancy de-
creases islet size in the offspring at birth [6]. More re-
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Summary We have recently shown that maternal
food restriction during late pregnancy in rats de-
creased beta-cell mass in the offspring at birth, with-
out altering beta-cell proliferation. The aim of the
present work was to determine: 1) whether sustained
maternal undernutrition until weaning (R group)
more dramatically alters beta-cell mass in the off-
spring and if normal food supply from weaning until
adulthood could reverse the deleterious effects and;
2) if altered beta-cell proliferation was responsible
for the decreased beta-cell mass. Beta-cell fraction
and proliferative capacity were determined during
the suckling period and at adult age after ad libitum
feeding from weaning in the R animals and in age-
matched controls (C group). At day 21, the offspring
born and nursed by food-restricted mothers (R ani-
mals) showed a 66% reduction in beta-cell mass and
number, which did not increase from birth to wean-
ing, although beta-cell proliferation remained nor-
mal. At 3 months of age, R animals had 35 % de-

creased beta-cell fraction, with a 50 % decrease in
the head of the pancreas. In that area, beta-cell prolif-
eration was similar to that of the controls. In the tail
of the pancreas, beta-cell fraction was only slightly
impaired but beta-cell proliferation was increased by
37%, as compared with the controls. This increase
was associated with a shift in islet size distribution to-
wards medium and large islets compared with the
head of pancreas from these R animals. No regional
variations of beta-cell fraction, proliferation or islet
size distribution were observed in adult control ani-
mals. In conclusion, prolonged malnutrition until
weaning impairs beta-cell development but not beta-
cell proliferation. Subsequent re-nutrition is followed
by increased beta-cell proliferation but this is insuffi-
cient to fully restore beta-cell mass. [Diabetologia
(1998) 41: 1114±1120]
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cently we [7] and others [8] have shown that maternal
food restriction during late pregnancy induces growth
retardation and decreased beta-cell mass at days 1 [7]
and 4 [8] of postnatal life. The decreased beta-cell
mass observed at birth associated with a normal prolif-
eration rate in the beta cells suggested a possible de-
fect in cell neogenesis [7]. The first aim of the present
study was to determine whether prolonged postnatal
undernutrition of animals born with severe intra-uter-
ine growth retardation would more dramatically im-
pair beta-cell mass and to what extent these deleteri-
ous effects could be reversed by a normal food supply
after weaning. The second aim was to examine the po-
tential implication of beta-cell proliferation in this al-
teration. For that purpose, morphometric determina-
tions of beta-cell fraction, size and proliferation rate
were performed from birth to 3 months of age.

Materials and methods

Animals and study design. Three-month-old pregnant Wistar
rats (day 12 of pregnancy) were purchased from Janvier breed-
ing centre (Le Gen�t-St. Isle, France). The animals were caged
individually and had free access to tap water. All rats were fed
a standard laboratory rat chow (No. 113: 22 % protein, 5 %
fat, 53 % carbohydrates; UAR, Villemoisson-sur-Orge,
France) and assigned randomly to either the control or restrict-
ed group. Maternal food restriction (50% of ad libitum intake)
was established as described previously from day 15 of preg-
nancy and throughout lactation [9]. At parturition, all baby
rats were weighed immediately and litter size was equalized
out to eight. The neonates with severe intra-uterine growth re-
tardation (IUGR), chosen at the 2.5th percentile (body
weight £ Control weight ± 2 ´ S.D) were selected, as described
previously [8, 9] and are referred to as R group. Control baby
rats were not selected. Both control (C) and R offspring were
fed ad libitum as from weaning. They were studied from birth
until adult age (90 days postnatal).

At each time point baby rats were weighed and killed
thereafter by decapitation (days 1 to 21 postnatal) or cervical
dislocation. In adult animals fasted for 6 h blood was collected
from the tail vein into heparinized tubes and glucose was im-
mediately measured with a glucometer One touch II (Lifescan,
Roissy, France) using the glucose oxidase method. After cen-
trifugation at 4 °C, plasma samples were stored at ±20 °C until
assayed for insulin which was measured by RIA using monoio-
dinated porcine insulin as tracer (Sorin Biomedica, Saluggia,
Italy), guinea pig anti-insulin antibody (provided by C. Van
Schravendijk, Brussels, Belgium) and purified rat insulin as
standard (Novo Nordisk, Boulogne, France).

These studies were approved by the French animal ethics
committee.

Tissue processing. For immunohistochemistry, five animals of
each group were analysed at days 1, 7, 21 and at 3 months of
age (90 days postnatal). One hour before killing, the animals
were i. p. injected with a dose of 50 mg/kg body weight of 5-
bromo-2 ¢-deoxyuridine (BrdU) (Sigma, LaVerpilli�re,
France) dissolved in phosphate buffered saline (PBS) [10].
The whole pancreas was excised and its weight determined.
The organ was fixed for 2 h in 4 % paraformaldehyde-PBS
(Sigma, France), successively immersed in 15 % (overnight)
and 30 % (2 h) sucrose-PBS solutions (Sigma, France), frozen

under nitrogen fumes and stored at ±20 °C until sectioned.
Pancreata from adult offspring were cut into three pieces of
similar weight corresponding to the head (i. e. duodenal side),
the median and the tail (i. e. spleen side) portions of the pan-
creas, which were fixed and processed separately. Each pan-
creas, or piece of pancreas, was sectioned (6 mm thick)
throughout its length to avoid any bias due to regional varia-
tion in islet distribution and cell composition. Every 30th sec-
tion was analysed from 1-day-old, 7-day-old C and R baby
rats and 21-day-old R weanlings; every 42nd section was anal-
ysed from 21-day-old C and from all adult pancreata. This pro-
cedure yielded five to seven sections from each pancreas (day
1 to 21) or each portion of adult pancreas. The median portion
was not analysed.

Double immunohistochemistry and morphometry. After prein-
cubation in 4 N HCl for 10 min at 37 °C, the sections were
double immunostained for BrdU and insulin, as described
previously [7]. Proliferating cells were detected with a mouse
monoclonal anti-BrdU antibody (Sigma, France) using the
avidin-biotin-complex/horse radish-peroxidase method
(Amersham, Les Ulis, France) and visualized with 3,3 ¢-Di-
aminobenzidine (Sigma, France). Beta cells were stained
with a guinea pig polyclonal anti-insulin antibody (Dako,
Trappes, France) detected after incubation with an alkaline
phosphatase anti-rabbit antibody (Promega, Lyon, France)
and visualized in blue with Nitroblue tetrazolium (Vector,
Biosys, Compiegne, France). The primary antibodies were
both diluted 1:200 and simultaneously incubated for 2 h at
37 °C, a condition that allowed the detection of all insulin-
positive cells. The possibility that beta cells present in islets
remain unstained due to a putative decreased insulin content
per cell in malnourished animals was verified at all studied
ages by staining with a cocktail of anti-glucagon, somatostatin
and PP antibodies. Beta-cell area detected from these tests
was not different from that detected with anti-insulin antibod-
ies (not shown). Beta cells were thus defined as insulin-posi-
tive cells. Controls for immunostaining consisted of ommis-
sion of the primary antibodies and these tests resulted in neg-
ative staining reactions.

Beta-cell fraction and BrdU labelling index were deter-
mined on the same sections. Computer assisted measurements
were done with a Leica DMRB microscope equipped with a
colour video camera connected to a Quantimet 500 MC com-
puter (screen magnification ´ 24). The area of insulin-positive
cells was measured on the entire section (final magnifica-
tion ´ 120). The area of the pancreatic tissue was measured
similarly by phase contrast. Beta-cell fraction in the pancreas
was calculated in each section as the ratio of insulin-positive
area to the total tissue area of the section. Absolute beta-cell
mass per pancreas was calculated as the product of mean
beta-cell fraction by the corresponding pancreatic weight. In-
dividual beta-cell area was manually measured at a final mag-
nification of ´ 960 after light counterstaining, in at least 100
insulin-positive cells, chosen randomly on different sections,
for each group and at each time point. Total beta-cell number
in the section was calculated from these measurements. Beta-
cell labelling index was determined as the percentage of insu-
lin-positive cells which were also positive for BrdU on the en-
tire section (final magnification ´ 480). Aggregates composed
of more than 3 immunoreactive insulin cells (diame-
ter > 25 mm) were counted on each section and expressed as
number of insulin-positive aggregates (i. e. islets) per cm2.
For the purpose of evaluating the distribution of islet sizes, is-
lets were classified arbitrarily as small (25 mm < diame-
ter < 100 mm), medium (100 mm < diameter < 150 mm) or large
( > 150 mm).
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The data from five to seven sections per pancreas were av-
eraged for each pancreas and thereafter for each experimental
condition (n = 5 animals).

Estimation of the total beta-cell number per pancreas. The pan-
creatic density was determined using Archimede's principle.
Briefly, pancreata of known weight from animals at various
ages were dipped into 10 ml of water and the volume of water
displaced was measured. The pancreatic density was calculated
as the ratio of the weight of the gland to this volume of water.
Pancreatic density (expressed in mg/ml) was 1.05 at day 1, 1.10
at day 21 postnatal and 1.13 in adult animals. It did not differ
between C and R animals (not shown). Absolute beta-cell vol-
ume was calculated as the ratio of beta-cell mass to pancreatic
density, assuming a similar density for the endocrine and exo-
crine pancreas, as already described by others [5, 11]. Individu-
al beta-cell volume at each time point was calculated from the
individual beta-cell area with the assumption that beta cells
are spherical [12±14]. These values allowed the estimation of
the total beta-cell number per pancreas.

Comparison of the morphometric data from control and
previously restricted adult animals were done in two ways: sep-
arately for the head and the tail of the pancreas (as described
above), and also as mean values for each pancreas. Mean
beta-cell fraction per adult pancreas was calculated as the ratio
of the sum of insulin-positive area [(head sections 1 to n) + (tail
sections 1 to n)] to the sum of pancreatic tissue area [(head sec-
tions 1 to n) + (tail sections 1 to n)]. From the latter values, abso-
lute beta-cell mass per pancreas was deduced. Mean islet num-
ber/cm2 and islet size distribution were similarly determined
and averaged for each experimental group (n = 5 animals).

Statistical analysis. Values, expressed as mean ± SD, were ana-
lysed by unpaired Student's t test. A p value less than 0.05 was
considered significant.

Appendix: Mathematical formulas used to calculate the various
parameters
BCF (%): Beta-Cell Fraction = Insulin-positive area/total pan-
creatic area
BCM: Beta-Cell Mass per pancreas (mg) = BCF � Pancreatic
weight (mg)
IBCA: Individual Beta-Cell Area (mm2) = P R2

Beta-cell number in a section = Insulin-positive area in the sec-
tion/IBCA
BCLI: Beta-Cell Labelling Index = % of insulin-positive cells
also positive for BrdU
IBCV = Individual Beta-Cell Volume (mm3) = = 4/3 P R3

Pancreatic density: mg/ml
BCV: Beta-Cell Volume (ml) = BCM/Pancreatic Density
BCN: Beta-Cell Number per pancreas = BCV/IBCV

Results

Beta-cell status during postnatal undernutrition. In re-
stricted animals, the beta-cell fraction was reduced
(25±27%) from birth to weaning, as compared with
controls (Fig.1A). Pancreatic weight was increasingly
impaired with prolonged postnatal undernutrition
(Table 1). As a consequence, absolute beta-cell mass
remained almost unchanged from birth to day 21 in
these animals, whereas it increased threefold in con-
trol animals (Fig.1B).

The reduction of beta-cell fraction and mass in re-
stricted (R) baby rats could be due either to a reduc-
tion in the number of beta-cells or to a reduction of
individual beta-cell size or both. These parameters
were measured at each time point. A tendency to-
wards a reduced individual beta-cell area could be
observed at day 7 and 21 in R baby rats (Table 1),
but was insufficient to explain the overall decrease
in beta-cell mass, which is therefore likely to arise
from a decreased cell number. In control animals,
the estimated total beta-cell number increased pro-
gressively from 1 million cells at birth to about 3 mil-
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Fig.1A±C. Postnatal evolution of beta-cell fraction, beta-cell
mass and beta-cell number from birth to adult age in offspring
of food-restricted mothers
Mothers were food-restricted from day 15 of pregnancy until
the end of lactation. Their offspring were studied at days 1, 7,
21 and 90 (U) and compared with control offspring (&). All
animals were nourished normally after weaning (day 21 post-
natal). At all stages studied, mean values of beta-cell fraction
(A) were used to calculate absolute beta-cell mass (B) and ab-
solute beta-cell number (C), as described in Materials and me-
thods. Values are mean ± SD.
*p < 0.05, **p £ 0.01, ***p £ 0.001, ****p £ 0.0001, as compar-
ed with age-matched controls (n = 5 animals)



lions cells at weaning (Fig.1C). In R baby rats, this
number was reduced by 20% at day 1 and by 36 % at
day 7. From days 7 to 21, beta-cell number did not in-
crease in this group, leaving the animals with three
times fewer beta-cells than the controls at weaning.
There are several mechanisms by which perinatal
malnutrition can induce a decrease in beta-cell num-
ber, one of which being a decreased beta-cell prolifer-
ation rate. This was measured after in vivo incorpora-
tion of BrdU.

At each time point, the beta-cell BrdU labelling
index was not different between control and R rats
(Table 1, Fig. 2) and this result was confirmed by the
finding of similar beta-cell number per sectioned islet
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Table 1. Comparative analysis of beta-cell morphometrical parameters in control (C) and restricted (R) animals during the under-
nutrition period

Group Day 7 Day 21

C R C R

Body weight (g) 15.6 ± 0.8 12.7 ± 0.4*** 54.9 ± 3.2 27.4 ± 1.6***
Pancreas weight (mg) 51.7 ± 5.3 40.1 ± 6.5* 228.2 ± 20.9 98.7 ± 21.3***
beta-cell mass/body weight (ng/g) 117.3 ± 13.8 79.5 ± 8.1*** 50.4 ± 6.1 31.5 ± 6.9**
Individual beta-cell area (mm2) 99 ± 17 91 ± 17 101 ± 20 88 ± 17
beta-cell labelling index (%) 2.73 ± 0.58 2.69 ± 0.29 1.22 ± 0.17 1.29 ± 0.28
Insulin positive aggregates/cm2 1024 ± 87 917 ± 144 357 ± 53 333 ± 50

All values are mean ± S.D of 5 different animals in each group. The number of insulin positive aggregates/cm2 is also referred to in
the text as number of islets/cm2.
*** p K 0.001, ** p K 0.01, * p < 0.05, compared with controls

Fig.2A±D. BrdU and insulin immunoreactive cells in pancre-
ata from 21-day-old R and control animals
Immunohistochemical double staining for BrdU (brown nu-
clei) and insulin (blue) in pancreatic frozen sections of 21-
day-old control rats (A, C) or from R rats born to mothers
food-restricted from day 15 of pregnancy through the end of
lactation (B, D). Original magnification, � 100 (A, B), or
� 400 (C, D). Note the conserved islet architecture and normal
proliferative rate of both endocrine and exocrine tissues in R
animals. Arrows indicate double positive cells



(Table 1), suggesting that early postnatal malnutri-
tion did not alter the capacity of beta cells to prolifer-
ate. These findings thus raised the possibility of a de-
fect in differentiation, another process involved in
the expansion of beta-cell mass during the perinatal
period. The number of aggregates/cm2 composed of
more than three insulin-positive cells and reflecting
the islet number was slightly decreased at day 7 but
similar to controls at day 21. This result, together
with the similar beta-cell number per sectioned islet
and the smaller pancreatic weight, suggests that the
overall decrease in beta-cell mass and number per
pancreas at weaning is likely to arise from a decrease
in the total number of islets of similar size. No disrup-
tion of islet architecture was observed at any stage
studied in the R baby rats (Fig.2).

Consequences at adulthood of early malnutrition. Ad
libitum feeding from weaning did not restore body
weight (Table 2). Fasting glycaemia was similar in R:
72.2 ± 6.2 compared with 70.6 ± 5.2 mg/dl in control
animals (p = 0.49, n = 12), whereas fasting insulin-
aemia was slightly decreased: 2.37 ± 0.51 compared
with 3.07 ± 0.93 ng/ml (p = 0.02, n = 12).

The possible permanent impairment of beta cells
was investigated at adulthood (3 months of age) in
the R animals given a normal food supply from wean-
ing. In these animals, mean beta-cell fraction was de-
creased by 35%, as compared with controls (Fig.1A
and Table 2). At this age, absolute beta-cell mass per
pancreas and beta-cell number were decreased by
20% in previously restricted R animals (Fig.1B±1C,
Table 2).

In control animals, beta-cell fraction was similar in
the head and the tail of the pancreas (Table 2). It dif-
fered markedly, however, in R animals, in which the
overall decrease in beta-cell fraction compared with
controls derived mainly from a 50% decrease in the
head of the pancreas (Table 2).

The BrdU labelling index measured in acinar cells
showed a fourfold increase (6.09 ± 0.35%), as com-
pared with controls (1.61 ± 0.29%, p < 0.0001), show-
ing important proliferative activity in this particular
cell area. In the beta cells, BrdU labelling index was
increased by 30% in R animals and this increase was
most pronounced (37%) in the tail of the pancreas
(Table 2). In line with these regional variations, the
relative distribution of islet size varied between the
head and tail of the pancreas in R animals. There
were more islets of median (100±150 mm) and large
( > 150 mm) size and less islets of small size
(25±100 mm) in the tail than in the head of the pancre-
as in these animals (Fig.3). No regional variations in
the relative distribution of islet size or in the beta-
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Table 2. Comparative analysis of beta-cell morphometrical
parameters in the head and the tail of 3-month-old rat pancrea-
ta

Group C R

body weight (g) 453.8 ± 41.0 372.7 ± 26.8**
pancreas weight (g) 1.28 ± 0.11 1.50 ± 0.06**
beta-cell fraction (head, %) 0.51 ± 0.15 0.25 ± 0.07**
beta-cell fraction (tail, %) 0.55 ± 0.07 0.43 ± 0.06*
mean beta-cell fraction (%) 0.54 ± 0.09 0.36 ± 0.06**
beta-cell mass (mg) 6.73 ± 0.88 5.35 ± 0.79*
beta-cell mass/body weight (ng/g) 14.9 ± 2.6 14.2 ± 1.9
beta-cell labelling index (head, %) 0.47 ± 0.06 0.55 ± 0.06
beta-cell labelling index (tail, %) 0.46 ± 0.07 0.63 ± 0.07**
mean beta-cell labelling index (%) 0.47 ± 0.06 0.61 ± 0.05**
Insulin positive cell aggregates/cm2 122 ± 21 80 ± 10**

All values are mean ± S.D of 5 different control (C) and re-
stricted (R) animals
** p K 0.01, * p < 0.05: compared with controls

Fig.3. Relative distribution of islet size in the head and the tail
of pancreas from adult animals
The total islet number per section (as defined previously in
Materials and methods) was counted and islets were classified
as small (25±100 mm diameter), medium (100±150 mm) or large
( > 150 mm). The comparative distribution of islet size in the
head (hatched bars) and in the tail (open bars) of pancreas
from control (top panel) and R (bottom panel) adult animals
is expressed in each class as a percentage of total islet number.
Mean values per pancreas (grey bars) were calculated from all
head and tail section values for each animal and averaged
thereafter for each experimental group, as described in Mate-
rials and methods. All data are mean ± SD



cell labelling index were observed in control animals
(Fig.3 and Table 2, respectively). Furthermore, a
35% decrease in the number of insulin-positive ag-
gregates per cm2 was observed both in the head and
tail of the pancreas in previously restricted animals,
as compared with controls (Table 2).

Discussion

This study shows that prolonged maternal under nu-
trition during lactation severely impairs beta-cell de-
velopment in the offspring. The normal BrdU label-
ling index in the beta cells until weaning suggests
that malnutrition did not alter beta-cell proliferation
rate. Subsequent re-nutrition is followed by a rapid
catch-up in both exocrine and endocrine pancreatic
mass which results from increased exocrine and
beta-cell proliferation, but this is insufficient to fully
restore beta-cell mass in adult animals.

Postnatal under-nutrition decreased the propor-
tion of beta cells within the pancreas at all stages
studied, extending our previous observations at birth
[7]. Due to the dramatic stunting of overall pancreatic
growth, the reduction in beta-cell mass was severe at
the end of the malnutrition period since during the
first 3 weeks of postnatal life in contrast to the three-
fold increase of beta-cell mass in normal rats, almost
no increment was observed. This reduction was main-
ly due to a decrease in beta-cell number rather than a
reduction of individual beta-cell size. Whereas the
observed diminution of the beta-cell fraction is simi-
lar to that described recently in 4-day-old rats given
a 65% food restriction during fetal and postnatal life
[8], the reduction already present at birth is in con-
trast to the increased beta-cell fraction and mass de-
scribed by the same group in 21-day-old fetuses [15].
We have no explanation for the contrasting effect of
undernutrition within such a short time period, fur-
ther investigations on both animal models are re-
quired to fully and accurately explain the contrast.

Two major processes are generally considered to
be responsible for beta-cell mass expansion: differen-
tiation of precursor cells of ductal origin, a process
also termed neogenesis, and proliferation of pre-ex-
isting beta cells. To further investigate the mechanism
underlying the alteration in beta-cell mass, we have
measured the labelling index of beta cells after incor-
poration of BrdU in vivo. The similar BrdU labelling
index in control and restricted animals, together
with the finding of similar beta-cell number per sec-
tioned islet, show that the remaining beta cells have
retained their capacity to proliferate during the mal-
nutrition period. This result was rather unexpected
in view of the well documented growth-promoting ef-
fect of glucose, amino acids and growth factors such
as insulin-like growth factors or growth hormone
[16±18] which are likely to be decreased in malnour-

ished rats [19±22]. The normal islet number per cm2

in restricted animals with a pancreas weight half that
of control animals at weaning suggests that a reduc-
tion in total islet number occurs in malnourished
weanlings. Thus the impairment of islet neogenesis
already shown at birth is likely to be amplified when
malnutrition is prolonged postnatally. Although the
beta-cell proliferation rate was normal from birth to
weaning in restricted animals, there was almost no in-
crease in beta-cell mass or number during this period.
This finding could be due to accelerated beta-cell
death as a result of competition for a limited supply
of nutrients or growth factors [23]. Indeed a wave of
beta-cell death with an increased number of apoptot-
ic nuclei has recently been described in normal rat
pancreas in the neonatal period shortly before wean-
ing [14, 24, 25]. Preliminary results suggest increased
apoptosis in the beta cells during the malnutrition pe-
riod.

Animals with severe growth retardation at birth
which had been malnourished until weaning dis-
played irreversible growth retardation [9] but the
pancreatic weight/body weight ratio increased, sug-
gesting a striking catch-up in exocrine pancreatic
growth, that was confirmed by the fourfold increase
of BrdU incorporation in acinar cells. These animals
displayed irreversible, although moderate, impair-
ment of absolute beta-cell mass and number, in the
range of the previously described reduction in total
insulin content per pancreas [9], suggesting that insu-
lin content per cell is likely to be preserved in mal-
nourished animals (around 7 pg of insulin per beta
cell at birth, 15 pg at weaning and 45 pg at 3 months
of age, values in accordance with literature) [26±28].
Although the beta-cell mass/body weight ratio was
in the normal range at adulthood and might contrib-
ute to the maintenance of normoglycaemia, fasting
insulin concentrations were slightly decreased, sug-
gesting a possible defect in the secretory capacity.
Surprisingly, overall beta-cell proliferation was signif-
icantly increased during the re-nutrition period and
this increase was more pronounced in the tail of the
pancreas, together with a shift of islet size distribu-
tion towards larger islets. The number of insulin-pos-
itive cell aggregates per cm2, reflecting the islet num-
ber per cm2, was also decreased by 35% both in the
head and tail. Thus, the partial recovery of beta cells
observed in this study arises, at least in part, from in-
creased beta-cell proliferation, occurring essentially
in the tail. It cannot be excluded, however, that in-
creased neogenesis or decreased apoptosis or both
also contributed to the recovery. The reasons for this
selective and regional variations are not known. The
impact of the topographical distribution of the vari-
ous islet cell types within the islets and within the dif-
ferent regions of the pancreas, should also be consid-
ered [29]. Indeed the tail part of the pancreas corre-
sponded to a glucagon-rich and PP-poor region,
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whereas the head part contained fivefold more PP
and fewer glucagon cells, both in control and R ani-
mals. The selective regeneration in the tail could
also be linked to a preferential local increase in stim-
ulating factors. Finally, regional modifications in the
vascular area could also be relevant since alterations
in the vascularization of the endocrine pancreas
have been described in rat neonates whose mothers
were given a low-protein diet [6] as well as in adults,
consecutive to a life-long low-protein diet [30].

The ability of both exocrine and endocrine pancre-
as to respectively, fully or partly, regenerate after re-
nutrition through increased cell proliferation further
documents the plasticity of the pancreas already
shown in adult animals after duct ligation, cellophane
wrapping or subtotal pancreatectomy [31]. In most
reports a stimulation of both islet-cell proliferation
and neoformation of islets from the ducts has been
shown [32±34]. Although this last phenomenon has
not been quantified in our model, the presence of a
number of islets around the ducts in control as well
as in R animals, suggests local signals must exist
which are potentially capable of promoting postnatal
growth in the previously restricted animals.
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