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Context: Insulin resistance can be compensated by increased functional pancreatic g-cell mass;
otherwise, diabetes ensues. Such compensation depends not only on environmental and genetic
factors but also on the baseline B-cell mass from which the expansion originates.

Objective: Little is known about assembly of a baseline B-cell mass in humans. Here, we examined
formation of B-cell populations relative to other pancreatic islet cell types and associated neurons
throughout the normal human lifespan.

Design and Methods: Human pancreatic sections derived from normal cadavers aged 24 wk pre-
mature to 72 yr were examined by immunofluorescence. Insulin, glucagon, and somatostatin were
used as markers for -, a-, and §-cells, respectively. Cytokeratin-19 marked ductal cells, Ki67 cell
proliferation, and Tuj1 (neuronal class lll B-tubulin) marked neurons.

Results: Most B-cell neogenesis was observed preterm with a burst of g-cell proliferation peaking
within the first 2 yr of life. Thereafter, little indication of B-cell growth was observed. Postnatal
proliferation of a- and d-cells was rarely seen, but a wave of ductal cell proliferation was found
mostly associated with exocrine cell expansion. The B-cell to a-cell ratio doubled neonatally, re-
flecting increased growth of B-cells, but during childhood, there was a 7-fold change in the gB-cell
to 8-cell ratio, reflecting an additional loss of 5-cells. A close association of neurons to pancreatic
islets was noted developmentally and retained throughout adulthood. Negligible neuronal asso-
ciation to exocrine pancreas was observed.

Conclusion: Human baseline B-cell population and appropriate association with other islet cell
types is established before 5 yr of age. (J Clin Endocrinol Metab 97: 3197-3206, 2012)

he onset of obesity-linked type 2 diabetes is marked by
T the loss of functional pancreatic B-cell mass thatisno
longer able to compensate for inherent insulin resistance
(1). However, the plasticity of B-cell mass should be noted,
especially because two thirds of obese subjects do not ac-
quire type 2 diabetes. This is because the B-cell mass and
insulin-secretory function can adapt to meet the increased
metabolic demand (1-4). Another example is pregnancy,
where a counterbalancing of the functional B-cell mass to
avoid gestational diabetes occurs (5, 6). A question re-
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mains as to why certain subjects are susceptible to diabetes
and their B-cells are not able to compensate for the met-
abolic need. There is a complex inherited genetic suscep-
tibility that may reside at the level of the B-cell (7), but
certain environmental influences also play a significant
role (8). Another consideration is the concept of baseline
B-cell mass, which is the critical starting B-cell population
from which a compensatory B-cell expansion may occur
(9). The extent of the human B-cell population in adult
individuals is likely quite variable, and if one has an in-

Abbreviation: CK-19, Cytokeratin-19; Tuj1, Neuronal class Ill g-tubulin.
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sufficient baseline B-cell mass from which to expand, an
underlying susceptibility to obesity-linked and/or gesta-
tional diabetes would be present.

How does a baseline B-cell mass form? In rodents, it has
been shown that pancreatic endocrine cells develop from
the embryological branching epithelium, originally de-
rived from endodermal cells (10, 11). It is presumed that
asimilar process takes place in human embryological pan-
creatic development, although there have been relatively
few studies to support this notion. A certain number of
differentiated B-cells are established by birth (12), but this
does not determine the full baseline complement of B-cells.
In rodents, there is also a burst of neonatal B-cell growth
that is contributed to mostly by proliferation of existing
B-cells (13, 14) and, to a lesser extent, by B-cell neogenesis
(i.e. the formation of new B-cells from ductal epithelial
progenitor cells) (15). A limited number of human studies
have indicated a similar neonatal burst of B-cell prolifer-
ation, but thereafter, B-cell replication is rarely observed
in normal subjects (9). Indeed, it has been estimated that
adult human B-cells turn over very slowly, perhaps once
every 25 yr (16). Notwithstanding, there is a need to sub-
stantiate the few human studies conducted to date as well
as to better establish how a human baseline B-cell popu-
lation forms. Moreover, the process is complex, and not all
parameters of human pancreatic islet formation have been
considered to date. For example, for pancreatic B-cells to
have normal insulin-secretory function, they need to be
in contact with the other pancreatic endocrine islet cell
types (glucagon-producing a-cells; somatostatin-produc-
ing 8-cells, pancreatic polypeptide-producing y-cells; and
ghrelin-producing e-cells) as well as endothelial cells that
form the microcirculation within islets and neuronal cells
that render neurological control to islet cell functions (17—
19). In rodents, adult pancreatic B-cells are found at the
core of an islet with the other endocrine cell types located
on the islet periphery, but in humans, such islet architec-
ture seems only to be observed developmentally, and it is
as of yet unclear whether adult human islet and associated
cells coordinate functionally in a similar manner to ro-
dents (20, 21). Unfortunately, there is inherent variability
among human autopsy specimens, and many more need to
be examined so as to arrive at a consensus on how and
when islets are formed to set a functional baseline B-cell
population. To date, a few studies suggest this occurs in
childhood (9, 12, 14), but these observations need sub-
stantiating and verification. Here, we have examined the
formation of human pancreatic islet B-cells early on in
normal life from premature to adolescent individuals rel-
ative to an established adult islet cell population. The al-
ternative immunofluorescence analysis approach used for
characterizing the early growth of B-cells and surrounding
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islet cell types indicates that the baseline B-cell population
is established neonatally.

Materials and Methods

Materials

The following antibodies were used for immunofluorescence:
guinea pig antiinsulin (Millipore, Billerica, MA), which is used to
mark pancreatic islet B-cells; mouse anti-glucagon (Sigma-Al-
drich, St. Louis, MO), which is used to mark pancreatic islet
a-cells; goat antisomatostatin (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA), which is used to mark pancreatic islet d-cells;
mouse anti-cytokeratin-19 (CK-19), which is used as a marker of
pancreatic ductal epithelial cells; rabbit anti-Ki67 (Fitzgerald In-
dustries International, North Acton, MA), where Ki67 is a nu-
clear protein thatis expressed only during the active phases of the
cell cycle (i.e. Gy, S, G,, and mitosis) but not in the resting G,
phase and as such is able to mark cells undergoing proliferation
(6); mouse anti-cleaved caspase-3 (Cell Signaling Technology
Inc., Danvers, MA), which recognizes only the proteolytically
cleaved form of procaspase-3, indicating that cellular caspase
activities have been activated and as such the cell is undergoing
apoptosis (22); and rabbit anti-Tuj1 (neuronal class III B-tubu-
lin; Covance Inc., Princeton, NJ), which specifically recognizes
microtubules only expressed in neuronal cells, including axons,
and as such is an excellent marker of neurons. Species-specific
secondary antibodies labeled with fluorophores Cy5, Cy3, or
Cy2 were from Jackson ImmunoResearch Laboratories (West
Grove, PA). Unless otherwise stated, all other chemicals were
from Sigma-Aldrich or Fisher Scientific (Pittsburgh, PA) and
were of the highest purity grade available.

Pancreatic tissue specimens

Human pancreatic tissue, fixed in paraffin blocks, was ob-
tained from individuals aged 24 wk premature to 72 yr (total n =
40) either at the time of autopsy from the University of Chicago
Department of Pathology tissue bank or at the time of organ
procurement by the Juvenile Diabetes Research Foundation Net-
work for Pancreatic Organ Donors with Diabetes program
(nPOD). The autopsy cases were identified by retrospective anal-
ysis of the University of Chicago Department of Pathology tissue
bank and with an exemption from the Institutional Review
Board. None of the individuals included in the study had diabetes
or any other diseases affecting the pancreas; neither was there
any apparent family history of type 2 diabetes in as far as it could
be determined. For younger and premature subjects, the mothers
did not have any history of gestational diabetes. Only normal
subjects were examined, and obese individuals with a body mass
index over 30 kg/m* were excluded from these studies. Pancre-
atic tissue is notorious to undergo rapid autolysis unless fixed
effectively. All pancreatic specimens were subjected to a previous
pathological review, and there was no sign of autolysis in any of
the sections examined for this study. Wherever possible, sections
were taken from the head, midsection, and tail of the pancreata,
but due to scarcity of material from some of the younger sub-
jects, only midsection portions of the pancreas could be ex-
amined. To examine a proxy for fetal pancreatic morphology
after 24 wk, pancreata from prematurely born infants were
examined. The available characteristics of the cases and di-
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FIG. 1. Change in human pancreatic islet g-cell to a-cell ratio from midgestation to adult.
Human pancreatic sections were analyzed by immunofluorescence and confocal
microscopy as outlined in Materials and Methods for insulin (green), glucagon (orange),
somatostatin (red), and nuclei (4’,6-Diamidino-2-phenylindole; blue). The numbers of
insulin-positive B-cells and somatostatin-positive a-cells were counted and the islet p-cell
to 8-cell ratio calculated, with at least 10 islets analyzed per section. A, Individual B-cell to
a-cell ratio for each human specimen during the developmental, neonatal, childhood,
adolescent, and adult periods (gray circles). The mean *+ semp-cell to a-cell ratio for each
period is shown as red circles. *, Significant difference (P = 0.05) from the average B-cell
to a-cell ratio found in adult islets. The dashed line indicates the trend in change of the
average B-cell to a-cell ratios between the different life periods (note that the

x-axis time scale is different for each period). B, Example image of a human 24-wk-old
premature pancreas (x40 magnification); C, example image of a human 35-wk-old
premature pancreas (X20 magnification); D, example image of a human full-term
pancreas (X20 magnification); E, example image of a human 6-month-old pancreas (X20
magnification); F, example image of a human 18-yr-old pancreas (x40 magnification); G,
example image of a human 39-yr-old pancreas (X40 magnification).
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agnoses leading to death are presented in
Supplemental Table 1 (published on The
Endocrine Society’s Journals Online web
site at http://jcem.endojournals.org).

Pancreatic tissue processing

Pancreatic serial sections (5-10 um)
were deparaffinized and washed as de-
scribed (23) and then subjected to heat-in-
duced isotope retrieval using either sodium
citrate buffer or 10 mm Tris with 1 mm
EDTA (pH 9.0) and heating in the micro-
wave at 1100 W for 12-15 min. Immuno-
fluorescent analysis was carried out as
described using an Olympus 1x81 DSU
confocal microscope as previously de-
scribed (24).

Morphometric analysis

The various cell counts and islet size was
conducted on atleast 25 representative sam-
ple images from each pancreatic section of a
subject using NIH Image] software. Each
image was analyzed on three separate occa-
sions and blinded as to the identity of the
subject. For the islet cell composition anal-
ysis, approximately 2000 insulin-positive
B-cells were counted per sample, and the
average ratio of B-cells to glucagon-positive
a-cells or somatostatin-positive 8-cells was
then calculated for each subject. Assessment
of islet innervation was determined as the
distance (micrometers) of Tujl-positive
neurons from a cluster of insulin-positive
B-cells (where more than three adjacent in-
sulin-positive cells was considered an islet
cluster). Although not well defined, mostly
due to inadequate markers for progenitor
pancreatic B-cells, B-cell neogenesis was de-
termined as insulin-expressing cells within
clusters of, or proximal (<25 um) to, pan-
creatic ductal CK-19-positive cells and/or
insulin-expressing cells that coexpress the
ductal cell marker CK-19 as previously out-
lined (15, 25). A minimum of 500 insulin-
positive B-cells were counted per image, and
the mean percentage of B-cell neogenesis
was calculated. For determination of B-cell
and ductal cell replication, the sample im-
ages marked for insulin, Ki67, and CK-19
were analyzed. An average of approxi-
mately 600 insulin-positive B-cells were
counted per sample, and the percentage of Ki67
costaining was calculated for each subject. The
incidence of B-cell apoptosis was determined
as the percentage of insulin-positive cells
costained for cleaved caspase-3, where an av-
erage of approximately 800 insulin-positive
B-cells was counted per sample image. Aver-
age islet diameter (um) was calculated in at
least 25 islets per subject using the average of
four distinct diameter measurements per islet.
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FIG. 2. Change in human pancreatic islet B-cell to é-cell ratio from midgestation to adult.
Human pancreatic sections were analyzed by immunofluorescence and confocal microscopy
as outlined in Materials and Methods for insulin (green), glucagon (orange), somatostatin
(red), and nuclei (4',6-Diamidino-2-phenylindole; blue). The numbers of insulin-positive B-cells
and somatostatin-positive 8-cells were counted and the islet B-cell to 6-cell ratio calculated,
with at least 10 islets analyzed per section. A, Individual B-cell to 8-cell ratio for each human
specimen during the developmental, neonatal, childhood, adolescent, and adult periods (gray
circles). The mean = semB-cell to 8-cell ratio for each period is shown as red circles.

*, Significant difference (P = 0.001) from the average B-cell to §-cell ratio found in adult
islets. The dashed line indicates the trend in change of the average B-cell to §-cell ratios
between the different life periods (note that the x-axis time scale is different for each period).
B, Example image of a human 35-wk-old premature pancreas (X40 magnification); C,
example image of a human full-term pancreas (x40 magnification); D, example image of a
human 1-yr-old pancreas (x40 magnification); E, example image of a human 3-yr-old
pancreas (X40 magnification); F, example image of a human 17-yr-old pancreas (x40
magnification); G, example image of a human 72-yr-old pancreas (x40 magnification).
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tal Fig. 1, B and C). The preterm spec-
imens showed a relative abundance of
endocrine cells, scattered in clusters
of various sizes throughout the prema-
ture/developing pancreas but with nu-
merous single hormone-positive cells
also seen. The developmental endo-
crine cell clusters had atypical human
adult islet architecture, with bipolar
[i.e. half glucagon/somatostatin-ex-
pressing cells at one end and insulin-
expressing cells at the other (Fig. 1B)]
and mantle structures (i.e. insulin-ex-
pressing cells in a core surrounded by a
mantle of glucagon/somatostatin-ex-
pressing cells, reminiscent of rodent
pancreatic islet architecture commonly
observed (21) (Fig. 1, C and D). How-
ever, such immature pancreatic islet
forms were rarely seen after 6 months
of life. Thereafter, pancreatic islets
were more typical of human adult islet
architecture (Fig. 1, E-G, and Supple-
mental Fig. 1, D-G). During the neo-
natal period, islet size significantly in-
creased to plateau at an average
diameter of about 135 um from ap-
proximately 2 yr old onward (P =< 0.01;
Supplemental Fig. 1A), consistent with
previous observations (12, 14).
Glucagon-producing a-cells were
significantly more abundant during the
human premature/developmental pre-
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FIG. 3. The proximity of neuronal cells to human pancreatic islet B-cells from midgestation to adult. Human pancreatic sections were analyzed by
immunofluorescence and confocal microscopy as outlined in Materials and Methods for insulin (green), the neuronal-specific marker Tuj1
(neuronal class Ill B-tubulin; red), and nuclei (4',6-Diamidino-2-phenylindole; blue). The distance of Tuj1-positive neurons from clusters of islet 8-
cells was measured. The percentage of neurons in quartile group distances of 25 or less, 25-50, 50-100, and 200 um or more from islet g-cell
clusters was calculated and presented graphically as a mean = sem. Arrows indicate neurons close to islet B-cell clusters in example images. A,
Distance of neurons from B-cell clusters during human pancreatic development, with an example image of human 24-wk-old premature pancreas
(x40 magnification); B, distance of neurons from B-cell clusters in human neonatal pancreata, with an example image of human 6-month-old
pancreas (x40 magnification); C, distance of neurons from B-cell clusters in human childhood pancreata, with an example image of human 5-yr-
old pancreas (x40 magnification); D, distance of neurons from B-cell clusters in human adolescent pancreata, with an example image of human
15-yr-old pancreas (x40 magnification); E, distance of neurons from B-cell clusters in human adult pancreata, with an example image of human

59-yr-old pancreas (X40 magnification).

term (P = 0.05; Fig. 1, A-D), as previously noted (27). But
during the first 2 yr after term, there is a doubling of the
B- to a-cell ratio (Fig. 1A). This occurs as pancreatic islet
cells form their normal architecture (Fig. 1, E and F) and
during a burst of B-cell proliferation. Indeed, the a-cell
population does not appreciably change during this pe-
riod, and it is an increase in B-cell numbers that largely
reflects the change in the B- to a-cell ratio (Fig. 1). Al-
though variable, the average B- to a-cell ratio peaks in
adolescence and then tapers off in adulthood (Fig. 1A).
Somatostatin-expressing 8-cells are relatively common
during human pancreatic premature/development (Fig. 2,
B-D) (27). But during childhood, the B- to 8-cell ratio
changes 6- to 7-fold (Fig. 2A) so that 5-cells are signifi-
cantly less common in adolescence and adulthood (P =
0.001; Fig. 2, F and G). This may, in part, be due to the
neonatal burst of B-cell growth but also an apparent loss
of 6-cells during childhood.

Other cell types are involved in normal pancreatic islet
formation and function, in particular endothelial cells (17)

and neuronal cell connections (19). Endothelial cells are
required to establish normal pancreatic islet mass and
function (28). However, when neuronal connections are
made to human pancreatic islets has been unclear. Here,
we found that an intimate association between neurons
and islet B-cells is established developmentally (Fig. 3A).
The close proximity of neurons to islets, marked by clus-
ters of B-cells, persisted throughout life (Fig. 3). This re-
mained apparent even as pancreatic islets occupy less of
the total pancreatic area postnatally (Fig. 3, C-E). Inner-
vation to the body of the exocrine pancreas was relatively
rare by comparison.

Pancreatic B-cell neogenesis

A significantly higher incidence of B-cell neogenesis
was observed in the premature/developing human pan-
creas (P = 0.001; Fig. 4, A-D). Postnatally, human g-cell
neogenesis was observed at a very low rate of 0.5% or less
in these normal human pancreatic samples (Fig. 4A).
However, thisisnot to say that B-cell neogenesis does not
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FIG. 4. The incidence of human pancreatic islet B-cell neogenesis from midgestation to adult.

Human pancreatic sections were analyzed by immunofluorescence and confocal microscopy
as outlined in Materials and Methods for insulin (green), CK-19 for pancreatic ductal cells
(orange), Ki67 for proliferating cells (purple), and nuclei (4',6-diamidino-2-phenylindole; blue).
The number of insulin-positive cells emerging and/or associated with CK-19-positive ductal
cells as well as insulin-positive/CK-19-positive coexpressing cells were counted and calculated
as a percentage of all insulin-positive cells in each section. A, Incidence of B-cell neogenesis
for each human specimen during the developmental, neonatal, childhood, adolescent, and
adult periods (gray circles). The mean =+ sem incidence of B-cell neogenesis for each period is
shown as red circles. *, Significant difference (P = 0.001) from the average B-cell neogenesis
found in adult islets. The dashed line indicates the trend in change of the average incidence
of B-cell neogenesis between the different life periods (note that the x-axis time scale is
different for each period); B, example image of a human 24-wk-old premature pancreas (X60
magnification); C, example image of a human 24-wk-old premature pancreas (X60
magnification); D, example image of a human full-term pancreas (X40 magnification); E,
example image of a human 1-yr-old pancreas (X60 magnification); F, example image of a
human 15-yr-old pancreas (X40 magnification); G, example image of a human 39-yr-old
pancreas (X60 magnification).

occur after birth. Several rare in-
stances of this process were observed
in normal human pancreas, for exam-
ple at 1 yr (Fig. 4F), 15 yr (Fig. 4F),
and 39 yr (Fig. 4G).

Pancreatic pB-cell proliferation

The B-cell proliferation rate in late
human pancreas development was
relatively infrequent, having a general
incidence of about 0.5% (Fig. 5A).
However, although variable, there
was a significant increase in the aver-
age incidence of human B-cell prolifer-
ation neonatally (P = 0.01; Fig. 5, A, C,
and D). Butby 2 yr, this burst of human
B-cell proliferation had decreased to
an incidence rate of 0.5-1% that was
sustained throughout childhood (Fig.
5, A and F). Thereafter, during human
adolescence and adulthood, pancreatic
B-cell proliferation was observed quite
rarely, with an incidence consistently
below 0.5% (Fig. 5, A and G).

Pancreatic ductal-cell proliferation

Human pancreatic ductal cell prolif-
eration also significantly increased dur-
ing the neonatal period and peaked at
4-6 months of age (P = 0.001; Fig. 6,
A-D). Up to 2 yr of age, ductal cell pro-
liferation was still relatively high (Fig.
6, A and E) but during the rest of child-
hood tailed off to an incidence below
1% (Fig. 6, A and F). Thereafter, during
human adolescence and adulthood,
pancreatic ductal-cell proliferation was
observed relatively rarely, with an inci-
dence consistently below 1% (Fig. 6, A
and G).

Discussion

Here, we have investigated the forma-
tion of a normal human islet B-cell pop-
ulation in the first 20 yr of life relative
to that in adults. Rare premature ca-
daver samples were used as a surrogate
for pancreatic developmental speci-
mens. Relatively few studies examin-
ing the normal formation of B-cell
mass have been conducted, and more
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FIG. 5. The incidence of human pancreatic islet B-cell proliferation from midgestation to

adult. Human pancreatic sections were analyzed by immunofluorescence and confocal

microscopy as outlined in Materials and Methods for insulin (green), CK-19 for pancreatic
ductal cells (orange), Ki67 for proliferating cells (purple), and nuclei
(4',6-Diamidino-2-phenylindole; blue). The number of insulin-positive cells/Ki67-positive

coexpressing cells were counted and calculated as a percentage of all insulin-positive cells in
each section. A, Incidence of B-cell proliferation for each human specimen during the
developmental, neonatal, childhood, adolescent, and adult periods (gray circles). The mean =

sem incidence of B-cell proliferation for each period is shown as red circles. *, Significant

difference (P = 0.01) from the average B-cell proliferation found in adult islets. The dashed
line indicates the trend in change of the average incidence of B-cell proliferation between the
different life periods (note that the x-axis time scale is different for each period); B, example
image of a human 24-wk-old premature pancreas (X40 magnification); C, example image of
a human full-term pancreas (X40 magnification); D, example image of a human 2-month-old

pancreas (X60 magnification); E, example image of a human 6-month-old pancreas (xX60
magnification); F, example image of a human 7-yr-old pancreas (X60 magnification); G,
example image of a human 39-yr-old pancreas (X60 magnification).
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are needed, especially considering the
variability between human specimens
(9, 14, 29). As more studies are con-
ducted, using a variety of different tech-
nical approaches, collectively, they
should eventually lead to a solid con-
sensus of how normal human B-cell
growth occurs. In this study, we have
used an immunofluorescence approach
to examine the early establishment of a
human B-cell population relative to
that of other pancreatic islet cell types
and associated neurons compared to
that found in adult islets.

Normal formation of B-cell mass
largely arises by replication of existing
B-cells and neogenesis from pancreatic
progenitor and/or ductal precursor
cells (10, 11, 14, 15). Perhaps not sur-
prisingly, B-cell neogenesis commonly
occurred developmentally (10, 11).
Thereafter, it was quite a rare occur-
rence but nonetheless was occasionally
observed in adolescents (Fig. 4F) and
adults (Fig. 4G). However, there is a
proviso in that human B-cell neogenesis
could differ between different pancre-
atic regions. Due to the scarcity of fetal
tissue, not all regions of the pancreas
could be examined in younger subjects,
and as such, it is possible that B-cell
neogenesis was not fully appreciated.

It has been shown that proliferation
of insulin-expressing cells can occur at
relatively high rates in early develop-
ment, but later on, at 24 wk or more,
tails off to a lower rate (12, 30), com-
parable to what was observed in the
younger premature pancreatic speci-
mens here. In this study, the highest rate
of B-cell proliferation was observed
neonatally, up to about 2 yr of age.
Thereafter, rates of B-cell proliferation
dropped to approximately 0.5%, con-
sistent with a previous study (14).
However, it should be noted that
there was variability in rates of B-cell
proliferation observed up to 2 yr old.
Whether this is due to a window for the
rapid burst of B-cell proliferation being
missed in some specimens or reflective
of the heterogeneity in the human pop-
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FIG. 6. The incidence of human pancreatic ductal cell proliferation from midgestation to
adult. Human pancreatic sections were analyzed by immunofluorescence and confocal
microscopy as outlined in Materials and Methods for insulin (green), CK-19 for pancreatic
ductal cells (orange), Ki67 for proliferating cells (purple), and nuclei (4’,6-Diamidino-2-
phenylindole; blue). The number of insulin-positive cells/CK-19-positive coexpressing cells
were counted and calculated as a percentage of all CK-19-positive cells in each section.
A, The incidence of pancreatic ductal cell proliferation for each human specimen during
the developmental, neonatal, childhood, adolescent, and adult periods (gray circles). The
mean = sem incidence of ductal cell proliferation for each period is shown in as red
circles. *, Significant difference (P = 0.01) from the average ductal cell proliferation
found in adult islets. The dashed line indicates the trend in change of the average
incidence of ductal cell proliferation between the different life periods (note that the x-
axis time scale is different for each period); B, example image of a human 7-month-old
pancreas (X40 magnification); C, example image of a human 1-yr-old pancreas (X60
magnification); D, example image of a human 1-yr-old pancreas (x40 magnification); E,
example image of a human 17-month-old pancreas (X60 magnification); F, example
image of a human 3-yr-old pancreas (X40 magnification); G, example image of a human
18-yr-old pancreas (x40 magnification).
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ulation requires further analysis of
many more human pancreatic speci-
mens at this age. Nonetheless, the con-
sensus to date suggests that a neonatal
burst of B-cell proliferation is a major
driving force that doubles human B-cell
mass by 5 yr old (14). In examining net
B-cell growth, it is also important to
consider the rate of B-cell death (1). In
this study, B-cell apoptosis was also
measured, using activated caspase-3 as
a marker (22). Although variable, the
rate was relatively low (on average,
=1.5%) and constant throughout the
normal human pancreata examined
(data not shown). As such, B-cell apo-
ptosis does not apparently contribute
to normal formation of human B-cell
mass, consistent with previous obser-
vations (14).

Pancreatic ductal cell proliferation
was also examined. It has previously
been observed that there is marked pan-
creatic ductal epithelial cell prolifera-
tion early in human pancreatic devel-
opment, which precedes and then
accompanies the first appearance of
B-cells (12). However, the highest rate
of ductal cell proliferation was ob-
served neonatally. This peak of ductal
cell proliferation had a tendency to fol-
low that for B-cell proliferation but did
not correlate with any indicators for
B-cell neogenesis. Rather, it correlated
with the expansion of pancreatic exo-
crine tissue (as indicated in Supplemen-
tal Fig. 1, F and G, where pancreatic
islet cells occupy less of the total pan-
creatic surface area in older subjects).
This is consistent with previous ideas
that both endocrine and exocrine cells
can be derived from pancreatic ductal
cell precursors (11).

A normal pancreatic B-cell popula-
tion forms alongside with that of some
other pancreatic islet endocrine cells
(27). The a-cell/B-cell relationship is
particularly important considering that
normally insulin and glucagon work in
partnership to keep circulating glucose
levels within a narrow physiological
range (31). In addition, normal human

Zz0z 1snbny oz uo ysenb Aq £/69€52/.61 £/6/.6/2191€/Wa0[/W0°dno-dlwepede//:sdiy Wolj pepeojumoq



J Clin Endocrinol Metab, September 2012, 97(9):3197-3206

islet B-cell function requires an association with a-cells
(18). In this study, pancreatic a-cell and 6-cell prolifera-
tion was not frequently observed. The apparent rapid in-
crease in the B-cell to a-cell ratio in the neonatal period is
mostly reflective of the increase in B-cell numbers, with the
a-cell population staying relatively constant. This implies
that the pancreatic a-cell population is set developmen-
tally and does not appreciably change through the rest of
human life. Intriguingly, there was a more dramatic early
change in the B-cell to 8-cell ratio. During late develop-
ment, there is an approximately equal number of 8- and
d-cells (32). The neonatal increase in the B-cell to 8-cell
ratio is most likely reflective of the burst in B-cell growth
at that time but thereafter during childhood is probably
due to loss of 8-cells, because B-cell numbers normally
remain relatively constant from 5 yr of age and onward
(9). The loss of d-cells in the first 10 yr of human life is
unlikely to compromise somatostatin production, because
there should be adequate production from gut cells (33).
However, the relatively large numbers of §-cells found
during development and in the early neonatal period may
suggest that local production of somatostatin in the pan-
creas could play a role, perhaps in limiting insulin secre-
tion during this time.

Other cell types associated with pancreatic islets are
also important for their formation and function, including
endothelial cells (17, 18, 28) and neurons (19, 34-36). In
mice, islet innervation occurs late in gestation and in early
life (35). Here, in humans, it was found that pancreatic
B-cells also have a close association with neurons begin-
ning in late development, which is then retained through-
out life. Recently, it has been suggested that sympathetic
neuronal connections to human pancreatic islets, unlike
that in rodents where neurons contact endocrine islets, are
preferentially associated with blood vessel endothelial
cells and parasympathetic neuronal connections are few
(37). This is mostly based on an immunofluorescent anal-
ysis, and in our study, the resolution was not sufficient to
make such conclusions. Notwithstanding, supplementary
central control of both insulin and glucagon secretion is
known in humans (34, 38), but additional complementary
functional studies are required to better understand the
mechanism. In particular, the specific areas of the brain/
central nervous system that mediate this additional con-
trol of the endocrine pancreas remain relatively undefined.

In adult humans, pancreatic B-cell mass has a degree of
plasticity and can expand, mostly by controlled hyperpla-
sia and hypertrophy, to compensate for insulin resistance
(1). A failure of the functional B-cell mass to adequately
compensate in these states results in the onset of diabetes
(1). The extent of baseline B-cell mass is a contributing
factor to susceptibility for diabetes (9). In this study, com-
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plementary evidence is presented that human baseline
B-cell mass is established before 5 yr of age. However, it is
a functional B-cell mass that is effective in compensating
for insulin resistance, and normal B-cell function is influ-
enced by other cell types in a pancreatic islet, including
endothelial cells (17), a-cells (18), and associated neurons
(34, 38). Here we find that the human pancreatic islet
association with neurons could be set even earlier, during
pancreatic development. Moreover, although the final
baseline B-cell population is contributed to by a neonatal
burst of B-cell proliferation (with little input from B-cell
neogenesis), the magnitude of this early B-cell growth is
reliant on the numbers of B-cells that were formed devel-
opmentally. As such, genetic factors and the maternal in-
trauterine environment could be an influence on the de-
gree of human pancreatic islet formation and size of
functional baseline B-cell mass. If this is small, as perhaps
in neonates of low birth weight, then a susceptibility to
diabetes can be set very early on in life (39, 40). A final
consideration, also emerging from this study, is that some
preterm human pancreatic specimens were obtained from
prematurely born neonates. These pancreata were fetal in
their morphometric characteristics rather than neonatal.
Currently, approximately one in eight births in the United
States are premature, and it will be important to monitor
whether these children are also more susceptible to dia-
betes later on in life as a consequence of inadequate for-
mation of pancreatic islet B-cells outside of the uterus.
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