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Abstract
Aims/hypothesis Neogenesis of beta cells and their cluster-
ing to small aggregates is a key process in prenatal
development of beta cell mass. We investigated the
contribution of postnatally formed small aggregates to
functional beta cell mass in adult rats.
Methods Conditions were defined for (1) counting total
beta cell number in pancreases with relative error of <10%
and (2) determining their distribution over aggregates of
different size and over functionally different subpopulations.
Results Pancreases of 10-week-old male Wistar rats
contained 2.8±0.2×106 beta cells, of which >90% was
generated postnatally, involving: (1) neo-formation of
30,000 aggregates with diameter <50 μm including single
cells; and (2) growth of 5,500 aggregates to larger sizes,
accounting for 90% of the increase in cell number, with
number of growing aggregates in the tail 50% greater than
elsewhere. At 10 weeks, 86% of aggregates were <50 μm;
compared with aggregates >200 μm, their beta cells
exhibited a higher basal insulin content that was also
resistant to glibenclamide-induced degranulation. The pool
of Ki67-positive beta cells was sixfold larger than at birth
and distributed over all aggregate sizes.
Conclusions/interpretation We describe a method for in
situ counting of beta cell numbers and subpopulations with
low relative error. In adult rats, >90% of beta cells and beta
cell aggregates are formed after birth. Aggregates <50 μm
are more than 100-fold more abundant than aggregates
>200 μm, which are selected for isolated islet studies. Their

topographic and functional properties contribute to the
functional heterogeneity of the beta cell population; their
growth to larger aggregates with characteristic beta cell
functions may serve future metabolic needs.
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Abbreviation
IFI Insulin fluorescence intensity

Introduction

The normal pancreas provides a life-long insulin supply to
varying physiological needs. This requires development
and maintenance of a beta cell population with a sufficient
number and adequate functional capacity of the cells,
collectively called functional beta cell mass [1]. Both
components are also expected to determine the metabolic
capacity of islet cell implants. We have previously used the
number of beta cells as a quality control criterion for islet
cell grafts implanted in rodents and in patients [2–4]. This
helped achieve a reproducible outcome in recipients and
define conditions for correction of diabetes. Longitudinal
follow-up revealed a progressive loss of metabolic control
[2–4], one possible cause of which could be that the
functional beta cell mass in the graft was insufficient to
achieve long-term control. It is so far unknown whether the
implanted number of beta cells and their functional
properties were comparable to those in the normal pancreas
[5, 6]. Grafts are usually prepared from isolated islets that
have been separated from the exocrine tissue and its tightly
bound small beta cell clusters. Single and clustered beta
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cells adjacent to ducts are seen as sites of beta cell
neogenesis and subsequent beta cell proliferation in the
developing pancreas [7], but their significance in adoles-
cents and adults is unknown. They appear particularly
abundant in the human pancreas [8], one reason for the low
recovery of beta cells during human islet cell isolation
procedures. Interestingly, implants of duct cells prepared
from postnatal human organs have been shown to generate
small beta cell aggregates [9, 10].

The aim of the present study was to assess the
contribution of single beta cells and small beta cell
aggregates (diameter <50 μm) to functional beta cell mass
in the adult rat pancreas. To this end, a method was
developed for (1) counting total beta cell number in the
organ with relative error under 10% and (2) determining
their distribution over particles of different size, varying
from single cells to islets up to 500 μm in diameter. We
examined to which extent postnatal neoformation and
growth of particles <50 μm contributes to the adult beta
cell mass and whether beta cells located in this smallest
particle category differ functionally from those in large
aggregates that are characteristic of islets.

Methods

Tissue processing Pancreases were obtained from seven
newborn (day 2 or 3, body weight 6−8 g) and seven
10-week-old male Wistar rats (300−400 g; Janvier, Le
Genest-Saint-Isle, France). Approval for animal experimen-
tation was obtained from the local ethics committee.
Studies were conducted in accordance with the Principles
of Laboratory Care and supervised by a qualified veteri-
narian. In six of the 10-week pancreases, head and tail
portions were separated through the lymph node-rich
adipose tissue between omentum major and mesoduode-
num. Each portion was inserted into a square-shaped holder
for overnight fixation in 4% (wt/vol.) formaldehyde. After
embedding in paraffin, 5 μm square sections were cut. One
10-week pancreas was processed as ‘footprint’ [11–15], i.e.
dissected and spread in its flat plane to make longitudinal
sections from head to tail. In a second experiment, pancreases
were obtained from six 10-week-old rats following treatment
with glibenclamide (n=3, two daily injections 2 mg/kg body
weight for 2 days) or 0.9% (wt/vol.) NaCl (n=3) [16]; these
were processed, stained and imaged in parallel so that
cellular insulin staining intensities could be compared among
animals.

Sections were stained for insulin to count the beta
cells and to assess their degree of hormone storage [17–
19]. Beta cells were counted in systematically sampled
sections that had been deparaffinised and stained for
insulin (primary antibody: guinea pig anti-insulin, 1:1,000,

overnight incubation at 4°C; secondary antibody: Alexa Fluor
647-conjugated anti-guinea pig from Invitrogen, Paisley, UK;
1:500, 1 h incubation at room temperature); nuclei were
stained with DAPI (Sigma-Aldrich, St Louis, MO, USA) in
fluorescent mountingmedium (Dako, Glostrup, Denmark). At
1:1,000 of insulin antibody, the contrast between insulin-
positive cells and background was strongest, allowing high-
throughput image analysis. To compare cellular fluorescence
intensities, a higher dilution is needed [17, 18]; at 1:2,500 a
wider intensity range was obtained without loss of weakly
positive beta cells. This analysis was conducted on sections
that had first been treated for antigen retrieval in citrate
buffer (pH 6.0 at 99°C), followed by overnight incubation at
4°C with rabbit anti-Ki67 (1:50; Acris, Herford, Germany)
and anti-insulin (1:2,500), before 1 h incubation at room
temperature with Alexa Fluor-conjugated secondary anti-
bodies and staining in DAPI-mounting medium.

Measurement of beta cell number and beta cell distribution
over aggregates For each 10-week pancreas (n=6), sec-
tions of 0.72±0.16 cm2 were sampled at 250 μm intervals
to collect a total surface area of 25 to 31 cm2, which
corresponded to 1.9±0.1% of total organ volume. For the
footprint (n=1), the four largest sections of head and tail
were selected every 250 μm over a depth of 1 mm leading
to a total surface area of 3.7 to 4.7 cm2 or 0.33±0.01% of
the volume. For neonatal pancreases (n=7), one section was
selected every 150 μm, bringing total analysed volume to
3.4±0.2% of the organ. Entire sections were stained,
photographed (Pathway 855 or 435) and analysed (IPLab
software; Becton Dickinson, San Jose, CA, USA) to obtain
data on insulin-positive and insulin-negative surface areas,
and on the number and localisation of nuclei in the insulin-
positive areas (Fig. 1). By delineating individual insulin-
positive cells, we ensured that insulin-positive areas did not
include insulin-negative cells. Beta cell mass (milligram per
pancreas) was calculated by multiplying relative insulin-
positive area, as determined in sections, by pancreas
weight; for each section, values were plotted (Fig. 2). Beta
cell number per section was determined by automatic
nuclear counting in insulin-positive areas and then extrap-
olated to the whole organ on the basis of the fractional
volume analysed. Since the average nuclear diameter of
fixed beta cells (7 μm as determined on 25,000 nuclear
profiles) exceeds the section thickness (5 μm), counted beta
cell numbers were corrected by a factor of 2.3 to avoid
overestimation [20, 21]: this factor was determined by the
formula of Abercrombie [20] for an average nuclear radius
of 3.49 μm (n=78,000) and a smallest detection limit of
1.11 μm. The automated count of insulin-positive cells was
validated by a manual count in a series of sections. The
average of individual beta cell volumes was calculated by
dividing total beta cell volume as determined by the
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Cavalieri principle [22, 23] by total beta cell number. The
number of beta cell aggregates was derived from counts in
sections that were corrected for cut surface assuming a
spherical shape.

Assessment of functional state of beta cells Beta cell
populations in neonates and in 10-week-old rats were
compared for their proliferating activity and for the size of
their cellular hormone store. In 10-week-old rats (n=3),
beta cells in the smallest (<50 μm) and largest (>200 μm)
aggregate categories were compared for the size of their
hormone store and its responsiveness to glibenclamide
treatment. Beta cells in proliferating activity were identified
by nuclear positivity for Ki67; their number was deter-
mined for the entire organ. The size of the cellular hormone

store was measured through cellular fluorescence intensity
following staining with an insulin antibody. Profiles of
individual beta cells were selected on the basis of nuclear
and cell size and then analysed for their mean insulin
fluorescence intensity (IFI) using the pathway and image
analysis programs in IPLab/Attovision and FlowJo (Tree
Star, Ashland, OR, USA). IFI values per cell were collected
for the cell’s entire sectioned cytoplasm; we had previously
found a close correlation between assayed cellular insulin
content and recorded IFI values per cell: this control
experiment was conducted on samples of FACS-purified
rat beta cells (data not shown). We also calculated an
average insulin content per beta cell on the basis of insulin
assay measurements in pancreatic tissue extracts and the
beta cell numbers counted in the same amount of tissue;
these data were expressed per g of tissue, which normalises
for differences in organ weight (Table 1).

Statistical analysis Values are expressed asmeans with SEM.
Statistical significance was assessed with the Student’s t
test. Relative error on beta cell mass measurements was
obtained by variance components analysis of all data from six
10-week-old pancreases in order to determine variance
between pancreases and within pancreases. This allowed
calculation of relative error according to sample size (95%CI).

Results

Sample size needed to measure beta cell mass and number
in the pancreas of 10-week-old rats To determine the
sample size needed to reliably quantify beta cell mass in a
pancreas, we measured the variability of values in sections
of similar surface area (72±16 mm2). Each section was
entirely scanned for its relative insulin-positive area and
this percentage was multiplied by organ weight to obtain
beta cell mass. In 10-week-old rats, this value markedly
varied with the section (Fig. 2). With each section
representing 0.05±0.01% of the pancreas and with 38±3
sections for one pancreas, values were calculated for
larger sample sizes by combining two, three or more
samples successively, i.e. from 0.05% to 2.0% of the
pancreas for a decrease in sample number per organ.
Increasing sample size progressively reduced the variabil-
ity in sample values (Fig. 3). For a relative error of ≤10%
(95% CI), a minimum of 1.2% of the total pancreas
volume needs to be systematically sampled and analysed
(Fig. 3); in 10-week-old pancreases, this corresponds to a
total surface area of approximately 16 cm2. The variability
among section values was not a consequence of the cubic
embedding procedure since similar differences were found
when analysing ‘full footprint’ sections from head and tail
portions, each representing 0.33±0.01% of total organ

Fig. 1 Image formed by automatic montage of an entire cubical
section that was immunostained for insulin (red) with nuclear DAPI
staining (blue). Beta cell aggregates of variable size are irregularly
distributed. Scale bar, 1 mm

Fig. 2 Variability in values for beta cell mass as determined in
individual pancreatic sections of 10-week-old rats. Each black dot
represents the value from a measurement in one section that represents
0.05% of the organ volume. For each rat, 34 to 41 sections were
analysed. White dot, average of all values determined for one rat. The
average was thus obtained after analysis of approximately 2% of the
organ volume. The averages determined in six organs were used to
calculate the mean ± SEM (10.22±0.43 mg)
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volume. However, the cubic method includes the periph-
eral regions of the pancreas more systematically than the
footprint method; since islets appear less dense in the
periphery, we consider the cubic method more represen-
tative of the entire beta cell population.

For each pancreas, beta cell mass was calculated as
average (Fig. 2) of 34 to 41 values, each determined in a
systematically collected and entirely analysed section
(Fig. 2), together 2% of the organ. The pancreas was found
to contain 2.8±0.2×106 cells or 7.6±0.4×106 per kg body

weight (Table 1). Beta cells were distributed over 41,700
particles with diameter of 12 to 500 μm (Table 1); the shape
of the distribution curve indicates that size does not allow a
larger subpopulation to be unambiguously defined as ‘islet
of Langerhans’ (Fig. 4). There is also no consensus
definition on the minimal size of an islet [12, 24]. We
therefore named all beta cell-containing particles ‘beta cell
aggregates’ instead of using an arbitrary cut-off to
distinguish larger ‘islets’ from smaller ‘aggregates’. More-
over, such a size concept would require inclusion of, and
thus staining for, all endocrine cells, which was not the
intention of the present study. The smallest category of
aggregates (<50 μm including single cells; in average seven
cells per particle) represented 86% of all particles and
contained 8% of all beta cells; the largest (>200 μm;
average 4,800 cells) accounted for less than 1% of the
particles, but carried 43% of the beta cells (Table 1).

Postnatal formation and growth of small beta cell aggregates
We examined to which extent the size of the 10-week beta
cell population and its distribution over aggregates of
varying size is the result of postnatal growth. Shortly after
birth, the pancreas contained 0.20±0.01×106 beta cells, with
20% located in particles <50 μm and only 3% in those that
were >200 μm (Table 1). More than 90% of the beta cells at
week 10 are thus formed postnatally; this involves massive

Fig. 3 Influence of sample size on the error of beta cell mass
measurement in sections of the rat pancreas. Each of the six averages
determined in Fig. 2 was considered to express a 0% error on the
measurement of beta cell mass in one pancreas and was plotted vs the
volume from which it was obtained, i.e. approximately 2% of the organ.
In addition to these averages from the values in 34 to 41 sections,
we calculated averages from smaller numbers of sections that were
systematically selected to correspond to volumes of approximately
1%, 0.5%, 0.25%, 0.1% of these organs and plotted their deviation
from the average of their respective organ as an error. The
deviation of the values determined in individual sections was
similarly included and plotted vs the corresponding volume
(approximately 0.05% of organ volume). The dotted curves
demarcate the 95% CI as a function of the volume analysed.
Vertical dotted lines indicate minimal sample sizes for (from left to
right) ≤67%, ≤25% and ≤10% measurement error, at 0.05%, 0.26%
and 1.22% respectively of the pancreatic volume

Table 1 Postnatal growth in beta cell population of rat pancreas

Age Neonate Week 10

Pancreas weight

Total (mg) 24±2 1242±40**

Per g body weight 3.2±0.2 3.3±0.1

Beta cell mass

Total (mg) 0.77±0.07 10.2±0.4**

Per cent of pancreatic tissue 3.2±0.2 0.8±0.04**

Number insulin-pos. aggregates (×103)

Total 7.1±0.1 41.7±1.8**

Per size category

12–50 μm 6.6±0.5 35.7±1.6**

50–100 μm 0.4±0.03 4.6±0.5**

100–200 μm 0.1±0.01 1.2±0.1**

>200 μm 0.001±0.001 0.25±0.03**

Beta cell number

Total (×106) 0.2±0.01 2.8±0.2**

Per mg tissue (×103) 8.7±0.6 2.3±0.1**

Per kg body weight (×106) 26.8±1.6 7.6±0.4**

Per size category (×103)

12–50 μm 39±2 239±23**

50–100 μm 60±4 458±32**

100–200 μm 96±10 937±57**

>200 μm 6±3 1202±135**

Beta cell characteristics

Proliferation activity

Per cent Ki67+ cells 5.0±1.1 2.1±0.4

Number Ki67+ cells (×103) 10±3 59±7*

Hormone storage

Cellular insulin staining (IFI) 1519±117 1403±32

Insulin content (μg)

Total 7.7±0.5 93.9±9.5*

Per g tissue 327±46 85±11*

Per 1×106 beta cells 39±2 38±3

Cell size (μm2) 151±3 187±5**

Data represent means ± SEM in seven neonates and six 10-week-old
rats for the in situ analysis, and in three neonates and three 10-week-
old rats for the measured insulin content

Statistical analysis by Student’s t test, *p<0.05, **p<0.0001

pos., positive
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neoformation of insulin-positive particles (from 7,100 to
41,700) (Table 1) as well as growth of particles to a larger
size (Table 1, Fig. 4). Over 80% of newly formed insulin-
positive particles remained <50 μm, but this accounted for
only 8% of the increase in beta cell number; less than 1%
(250 aggregates) grew to >200 μm, but was responsible for
45% of the increase (Table 1). Head and tail parts exhibited a
similar increase in the number of insulin-positive particles,
but the tail favoured growth to a larger size. Thus twofold
more larger aggregates were counted here than in the head
part, and these were associated with a twofold higher beta
cell number in this part (Table 2).

At week 10, the beta cell population contains sixfold
higher numbers of Ki67-positive beta cells than that of
neonates (Table 1), indicating that at this age markedly
more beta cells are formed through proliferation than
immediately after birth. This observation contradicts the
view that a pool of proliferating beta cells progressively
diminishes in size after birth. We did not detect any
preferential localisation of Ki67-positive beta cells in
small, medium or large-sized beta cell aggregates. The

density of Ki67-positive beta cells was 50% higher in
the tail (54±2 per mg tissue vs 34±7 in the head,
p<0.05), which can explain the growth of more smaller
aggregates to the >200 μm category in this part (Table 2).
The average percentage of Ki67-positive beta cells in the
tail part (2.0±0.4%) was lower than that in the neonatal
pancreas (5.0±1.1%), but this did not reach statistical
significance (p=0.0631).

The postnatal growth of the beta cell population did
not alter its mean cellular insulin content. Beta cells in
10-week-old organs exhibited the same mean fluores-
cence intensities per cell as those in neonates, although
they presented a 20% larger surface area (Table 1).
There was also no difference in mean insulin content of
neonatal and adult beta cells, when these were calculated
from the hormone assay data in pancreatic extracts and
cell counts in equivalent amounts of tissue (Table 1).
When beta cells were FACS-purified at both ages, no
differences were measured in their respective insulin
content (44.4±3.3 ng per 1×103 beta cells at 10 weeks
and 41.3±2.2 ng per 1×103 beta cells at birth), indicating
that both stages contained well-granulated beta cells.

Insulin storage function in small beta cell aggregates The
intercellular differences in insulin content represent one
feature of the functional heterogeneity in the beta cell
population [5, 6]. We examined whether they are related to
the size of the beta cell aggregates. Mean cellular
fluorescence intensity of beta cells in small aggregates
(<50 μm) was 40% higher than that in >200 μm aggregates
(p<0.002). Individual values in small aggregates exhibited
a wider range tending towards a high content (P10–P90
range 511–2,859 vs 547–1,765 in >200 μm aggregates).
This was related to the presence of markedly more beta
cells with high insulin content, as illustrated by the
percentages of beta cells with low, medium or high insulin
content in small and large aggregates. These three sub-
populations were defined by the P10 (low) and P90 (high)
values in >200 μm aggregates (Table 3). Thus, large
aggregates contained 10% low, 80% medium and 10%
high insulin content cells. In small aggregates 40% of beta
cells exceeded the P90 value of the large aggregates;
moreover, their mean insulin content was 25% higher than
that in the P90 category of large aggregates (Table 3). Small
and large aggregates contained similar percentages of low
insulin content cells.

Prior glibenclamide treatment exerted its degranulating
effect predominantly in beta cells of large aggregates,
which after treatment contained virtually no high content
beta cells, whereas their percentage of low content beta
cells had doubled and their medium subpopulation
exhibited a 20% reduction in insulin content (Table 3). On
the other hand, few changes occurred in small aggregates:

Fig. 4 Postnatal increase in the number of beta cells per size category
of the aggregates. Distribution of beta cell number in the neonatal (a)
and 10-week-old (b) pancreas over insulin-positive aggregates
classified according to diameter (range 12–500 μm). Data represent
mean ± SEM of six to seven rats. A postnatal increase in absolute
number was seen for all size categories. In relative terms this increase
is each time more pronounced for a larger size category
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no increase in percentage of beta cells with low content, no
decrease in mean insulin content of the medium subpopu-
lation and only a modest decrease in percentage of high
content cells without reduction in their mean insulin content
(Table 3). These data demonstrate that beta cells of small
aggregates are markedly less sensitive to the degranulating
effect of glibenclamide; the lack of such effect is not caused
by a low degree of granulation.

Discussion

Restoring functional beta cell mass is a major goal in
diabetes therapy. Strategies are being developed for replac-

ing depleted beta cell mass by regeneration in the pancreas
or by beta cell implant at an ectopic site. Such strategies
need to be guided by data on the beta cell population in the
normal pancreas and in animal models of cell therapy. Thus
methods are required that can reliably quantify beta cell
numbers in situ and assess their functional state. The
method and data described in the present study can
contribute to this requirement.

To estimate the size of the beta cell population in the
intact pancreas, beta cell mass is most often determined on
the basis of pancreas weight [12, 15, 25–28] or volume [11,
14, 29, 30], and relative insulin-positive area as measured
in tissue sections. Values vary with the number of beta
cells, but also with differences in beta cell size or changes

Portion Head Tail

Tissue weight (mg) 619±40 623±43

Beta cell mass

Total (mg) 4.07±0.38 6.15±0.50*

Per cent of pancreatic tissue 0.7±0.05 1.0±0.1**

Number of insulin-positive aggregates (×103)

Per g tissue 34.4±2.2 33.7±2.6

Per size category per g tissue

12–50 μm 30.5±2.5 27.9±2.1

50–100 μm 3.0±0.4 4.4±0.5*

100–200 μm 0.7±0.1 1.0±0.1*

>200 μm 0.14±0.02 0.28±0.03*

Beta cell number

Total (×106) 1.2±0.1 1.7±0.1*

Per mg tissue (×103) 1.9±0.1 2.7±0.2**

Per size category (×103/mg tissue)

12–50 μm 0.2±0.03 0.2±0.01

50–100 μm 0.3±0.03 0.4±0.03

100–200 μm 0.7±0.04 0.8±0.1

>200 μm 0.6±0.1 1.3±0.2**

Table 2 Beta cell distribution in
head and tail portions of
pancreas in 10-week-old rats

Data represent means ± SEM for
six animals

Statistical analysis by Student’s t
test, *p<0.05, **p<0.005

Table 3 Comparison of insulin content in beta cells in small (<50 μm) vs those in large (>200 μm) aggregates

Insulin content Percentage of beta cells (average cellular IFI)

Low Medium High

Aggregates >200 μm Control 8±2 (457±7) 82±2 (1137±37) 10±1 (2,065±18)

Glibenclamide 18±5 (452±4) 81±4 (911±52)† 1±1†† (2,105±12)

Aggregates <50 μm Control 11±2 (438±5) 49±4** (1,150±28) 40±2** (2,581±81)**

Glibenclamide 15±1 (440±3) 55±1** (1,088±6)* 31±0.4†,*** (2,473±25)**

Data represent means ± SEM of three independent paired experiments and express the percentage of beta cells that exhibit the <P10 (low), P10–
P90 (medium) and >P90 (high) values of cellular IFI measured in beta cells of aggregates >200 μm in control animals. By definition, large
aggregates in controls contain 10% cells in the low, 80% in the medium and 10% in the high category. The average cellular IFI in each group is
shown in parentheses

Statistics Student’s t test: *p<0.05, **p<0.005, ***p<0.0001 for aggregates <50 vs >200 μm; † p<0.05, †† p<0.005 for glibenclamide vs controls
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in the density of beta cells and of non-endocrine tissue. The
number of beta cells can be calculated by dividing total beta
cell volume by the mean volume of individual beta cells
also measured in sections [11, 15, 25, 30, 31]; these values
overestimate actual numbers, since individual cell volumes
are determined in tissue shrunken during paraffin embed-
ding. The disector method allows a direct and more
accurate count of beta cell numbers [21, 23] but is difficult
to apply on the sufficiently large tissue samples needed to
reduce relative error. Several reasons thus account for the
wide range, and sometimes discrepancies in values reported
for size of the beta cell population [21, 23, 25, 31]: (1)
differences in methods and read-outs; (2) influences by
other factors than beta cell number; and (3) variability
among strains and between species. Variability in tissue and
sampling conditions, or lack of this information, makes
interpretations and extrapolation to the whole organ
difficult. Several studies have adequately followed criteria
to control relative errors of point counting with respect to
the entire section [32–37], but few provided information on
how representative the examined section(s) were for the
entire organ.

With the method described by us, the number of beta
cells is directly and automatically counted in entire
sections. We show that 1.2% of the adult rat pancreas
needs to be systematically sampled to yield data with error
rates <10%. Sample size is not always mentioned in the
literature, and if so, does not often reach this level.
Pancreases of young adult male Wistar rats (aged 10 weeks)
were found to contain 2.8±0.2×106 beta cells, which
corresponds to 7.6±0.4×106 per kg body weight; this
number may further increase with age and may also vary
with the strain, as was the case in mice [28]. It is also in the
range of beta cell numbers that corrected diabetes following
intraportal transplantation in R/A Wistar or Lewis rats of
similar age [2, 38]. The number above is distributed over
42,000 beta cell clusters with diameter varying from that of
single cells to that of large islets (12–500 μm). Beta cell
clusters were divided into four size classes. The smallest
(<50 μm, one to ten sectioned beta cells) were the most
abundant (86%), but contributed only 8% to total beta cell
number. The largest (>200 μm) was rare (<1% of all
particles), but contained 43% of all beta cells. Previous
analyses of aggregate sizes were often limited to particles
>50 μm. They also found the smallest islets to be the most
numerous with a relatively small contribution to total islet
volume; this led to the proposal that analysis of the
pancreatic beta cell population could be restricted to the
larger islets as they represent the majority of the cells [24,
39]. There are, however, several arguments against exclud-
ing small beta cell aggregates from analysis. First, no
particle size has so far been defined to exclude beta cells
from studies. Second, the number of beta cells in the

smallest category can vary with (patho)physiological con-
ditions, with aggregates <50 μm carrying 20% of all beta
cells in neonates. Third, a number that seems quantitatively
negligible is not necessarily qualitatively so.

In vitro and in vivo evidence exists for a functional
heterogeneity in the beta cell population [6]. It is
conceivable that some intercellular differences in function
are related to the size of the beta cell aggregate. Small
aggregates are often juxtaposed to duct cells and may thus
contain newly formed beta cells [8]. The microenvironment
of their beta cells may differ from that in large aggregates
[40] and thus cause differences in their functional state. We
noticed that small aggregates (<50 μm) contained beta cells
with higher basal insulin content than large aggregates of
the size that is usually selected for in vitro studies
(>200 μm). Contrary to the latter, they exhibited little signs
of degranulation following 2 days glibenclamide treatment.
This may reflect an insensitivity to the drug in cells that are
not yet fully differentiated or are subject to environmental
conditions interfering with the drug’s effect. Prior work also
noticed a stronger insulin immune reactivity in small islets
[18] and a heterogeneity in glibenclamide-induced degran-
ulation [19]. The physiological relevance of small beta cell
aggregates with a functionally different state is still unclear.
Clarification will require further studies of the intact
pancreas, since dispersion causes a variable disruption of
aggregates and will by itself influence the functional state
of the cells. Furthermore, it is at present not technically
possible to separate beta cell aggregates according to the
listed size categories and enrich them so that they can be
functionally analysed under comparable conditions. The
methods described in the present study should help further
in situ analysis.

Our observations also indicate that in vitro studies on
islet cell preparations cannot be seen as representative of
the total pancreatic beta cell population. They are under-
taken on samples from the large beta cell aggregates. In our
laboratory, we obtain 300 to 400 islets from 10-week-old
male Wistar rats following collagenase digestion, separation
of the largest particles and hand-picking [38]. After
dissociation and FACS-purification [38], this approach
yields an average of 3×105 beta cells per pancreas,
corresponding in number to approximately 10% of the total
beta cell population in the organ, but in function to the
largest aggregates.

More than 90% of the beta cells in 10-week-old rats are
generated postnatally. This involves formation of approxi-
mately 30,000 new aggregates <50 μm and growth of 5,500
towards a diameter >50 μm. Only 250 aggregates grow to a
diameter >200 μm, but this accounts for almost 50% of the
postnatal increase in beta cell number. A postnatal shift
towards larger aggregates was also described in previous
work [24, 39], but not quantified by following the number
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and sizes of existing and novel beta cell aggregates. In
neonates, virtually all beta cell aggregates were <50 μm;
their number is in the range of the number of aggregates
>50 μm at 10 weeks. It is thus conceivable that the small
neonatal aggregates represent nuclei for postnatal growth
by beta cell proliferation and/or by neogenesis. In addition
to the growth of small aggregates, there is a massive
postnatal formation of small insulin-positive aggregates,
which may originate from differentiating beta cell progen-
itors [41] or from transdifferentiating exocrine cells [42].
According to a tracing lineage study in mice, 17% of
insulin-positive cells in 4-week-old animals were postna-
tally derived from exocrine duct cells [43]; it would be
interesting to examine whether these cells appear in
aggregates <50 μm. Newly formed small beta cell
aggregates may fuse and/or grow into larger aggregates
depending on the metabolic needs and/or environmental
conditions.

Growth to larger aggregates was more pronounced in the
tail part than in the head of the pancreas, which resulted in a
higher content of beta cells in that section. This might thus be
caused by the presence of more beta cell aggregates in the
neonatal pancreas tail or of a microenvironment that favours
postnatal growth of small particles in this part. Proliferation of
beta cells was detected in all size categories indicating its
involvement in the growth of beta cell aggregates. In fact, the
pool of beta cells in proliferative activity increased sixfold
during this period, contradicting views that the proliferating
pool of beta cells decreases after birth.
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