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Abstract
Emerging reports on the organization of the different hormone-secreting cell types (α, glucagon; β,
insulin; and δ, somatostatin) in human islets have emphasized the distinct differences between human
and mouse islets, raising questions about the relevance of studies of mouse islets to human islet
physiology. Here, we examine the differences and similarities between the architecture of human
and mouse islets. We studied islets from various mouse models including ob/ob and db/db and
pregnant mice. We also examined the islets of monkeys, pigs, rabbits and birds for further
comparisons. Despite differences in overall body and pancreas size as well as total β-cell mass among
these species, the distribution of their islet sizes closely overlaps, except in the bird pancreas in which
the δ-cell population predominates (both in singlets and clusters) along with a small number of islets.
Markedly large islets (>10,000 μm2) were observed in human and monkey islets as well as in islets
from ob/ob and pregnant mice. The fraction of α-, β- and δ-cells within an islet varied between islets
in all the species examined. Furthermore, there was variability in the distribution of α- and δ-cells
within the same species. In summary, human and mouse islets share common architectural features
that may reflect demand for insulin. Comparative studies of islet architecture may lead to a better
understanding of islet development and function.
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Introduction
The pancreatic islet is composed of multiple cell types, including insulin-secreting β-cells,
glucagon-secreting α-cells and somatostatin-secreting δ-cells, which work together in this
micro-organ to maintain normoglycemia. Recently, notable cytoarchitectural differences
between mouse and human islets have been reported.1,2 In islets from mice and other rodents,
the β-cells are located predominately in the central core with α- and δ-cells localized in the
periphery forming a mantle.3-7 In human and monkey islets, the α-cells are not localized in the
periphery but are rather dispersed throughout the islet.1,2,6-8 The organization of the β- and
α-cells in dogs and pigs is an intermediate between that in rodents and monkeys with occasional
appearances of α-cells in the central core.6,9-11
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The “disorganized” cellular compostion of islets in primates (both humans and monkeys) has
been suggested to affect β-cell function by allowing these cells to respond to low concentrations
of glucose (1 mM) to which normal mouse islets are blind.2 Here, we examine the architecture
of pancreatic islets in a diverse group of animals (human, monkey,pig, rabbit, bird, mouse) and
the notion of a prototypic islet.

It is well known that there is a close correlation between body and pancreas weight. Total β-
cell mass also increases proportionately to compensate the demand for insulin in the body.12,
13 What escapes this proportionate expansion is the size distribution of islets. Large animals
such as humans share similar islet sizes with mice,14,15 suggesting that this micro-organ has a
certain size limit to be functional. The inability of large animal pancreata to generate gigantic
islets can be compensated by an increase in the number of islets. We hypothesized that such
compensation could also have occurred by an enhancement in islet function, which might
reflect changes in islet architecture and composition reported in human and monkey islets.1,2
The distinct arrangement of a central core of β-cells and peripheral α-cells has been suggested
to be functionally coupled to the pattern of blood flow in the islet.16-18 If there is an association
between islet architecture and a microcirculatory pattern, the organization of endocrine cells
within the islet should be similar in all the islets of that species although there could be
differences between species.

In the present study, we aim to validate the notion that there are fundamental differences in
islet architecture and composition between species. We extended the comparison not only to
between humans and mice, but also among various species. In addition, mice in states of
increased demand for insulin such as obesity, pregnancy and diabetes were examined. Here
we report the significant plasticity of islet cytoarchitecture throughout the species examined,
which previously may not have been fully appreciated. Within a certain limit of islet size, the
overall changes observed in islet structure may reflect the islet adaptation to the increased body
demands rather than species differences.

Results
Comparison of islet architecture and composition among different species

We carried out a comparative study on islet architecture and composition among various
species: human (39 ± 4.2 yr), monkey (1-yr), pig (6-mo), rabbit (6-mo), mouse (6-mo) and bird
(40-d). We also studied islets from various mouse models including ob/ob (15-wk), db/db (15-
wk) and pregnant (3-mo) mice. While overall body size as well as pancreas size and total β-
cell mass significantly differ among these species, their islet size distributions fall into a similar
range (Fig. 1A). A large number of small clusters of endocrine cells (<2,000 μm2) was observed
across the species examined, followed by a similar regression in frequency of larger islets.
Markedly large islets (>10,000 μm2) were present in human and monkey pancreata as well as
in those of rabbits, ob/ob and pregnant mice. Figure 1B shows an overview of islet distribution
in each species. They all exhibit a similar pattern of distribution, where various sizes of islets
are scattered including small clusters of endocrine cells (Fig. 1B, a-e). In the bird pancreas,
however, a relatively small number of islets containing β-cells are found and the δ-cell
population predominates (Fig. 1B, f). The fraction of α-, β- and δ-cells within an islet varied
between islets in all of the species examined; where some islets were mainly composed of β-
cells, while some had a mixed composition with α- and δ-cells, exhibiting the diversity of islet
architecture and composition (Fig. 2). The distinct difference observed between human and
monkey islets and those of wild-type mice, in particular, is that the frequency of islets with a
mixed endocrine population is higher in primates. Note that pig islets differ from the rest of
the species. No large islets comparable to those found in rabbits, obese or pregnant mice were
observed (Fig. 1A), and the overall islet architecture appears less compacted (Fig. 2). For a
detailed comparison of islet size and cell composition among species, we plotted for islet sizes
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(Fig. 3). In order to display a clear comparison of islet size, we used an “effective diameter”
determined from a circle that gives an area corresponding to a measured islet area. It is of
interest that every islet size distribution fits reasonably with the lognormal distribution
function, suggesting a common islet growth mechanism among species. The statistics of
effective islet size, β-cell ratio, and two parameters of the lognormal function are summarized
in Table 1 for all the species. Compared to mice, islets of other species have compact size
ranges, which is also reflected in the scale parameter, σ, of the lognormal function; the values
for mice are larger than the ones for other species. Human islets have a relatively small β-cell
fraction compared to other species. Furthermore, as islet size increases, the β-cell fraction
decreases in human islets (Fig. 3).

Changes in islet architecture and composition under pathophysiological conditions
The comparative study on islet architecture and composition among various species described
above suggested a certain limit in size for this micro-organ to grow and be functional. We
hypothesized that a similar change seen in primate islets to compensate for body demand with
a limited islet size might also occur in mice in response to an increased demand for insulin
under conditions such as obesity, pregnancy and diabetes. An overview of islet distribution in
ob/ob mice shows a number of large islets (average body weight: 54.5 ± 2.3 g and blood glucose
level: 169 ± 24 mg/dL at 15-wk; Fig. 4A, a), whose size is equivalent to that of a subpopulation
of primate islets (Fig. 1A). Such large islets are also observed in pregnant mice (Figs. 4A, b
and 1A). In some ob/ob and pregnant mouse islets, α- and δ-cells are intermingled with β-cells
(Fig. 4), as opposed to the typical islet composition seen in mice under normal conditions,
where they are more localized in the periphery (Fig. 2). This change in endocrine cell
composition is prominent in obese and diabetic db/db mice (average body weight: 40.7 ± 1.1
g and blood glucose level: 388 ± 22 mg/dL at 15-wk), in which α- and δ-cells are widely mixed
with β-cells within an islet (Fig. 4A, c). In particular, islet size and β-cell ratio of db/db mice
are similar with the values of human islets (Table 1 and Fig. 3). Note that such a structural
change is not accompanied with increased islet size (Fig. 1A). A comparative 3D plot between
human and mice under such pathophysiological conditions demonstrates the overall
similarities in islet size distribution and islet composition (Fig. 4B, lower right).

Discussion
Islet morphology and function

We carried out a comparative study of islet composition and architecture. The range of islet
sizes closely overlaps among humans, monkeys, pigs, rabbits and mice. However, islet
composition and architecture varies among species. They also vary within the same species
under normal conditions. The effect of the differences in cellular composition of islets on
function is unknown, especially the relatively high number of δ cells in song birds.

The distinct segregation of non-β-cells in the periphery of the rodent islets has been an
interesting issue because of its implications concerning islet function. The islet is a highly-
vascularized micro-organ for its endocrine function. Thus, a reasonable hypothesis was that
this specific organization of endocrine cells should determine a microcirculatory pattern for
the most efficient signaling within an islet. Collectively, three models have been proposed; (1)
Mantle to core: The mantle formation enables non-β-cells to sense changes in external glucose
concentrations before the signals go to the core of β-cells to secrete sufficient amounts of
insulin;19-23 (2) Core to mantle: β-cells sense the changes first and secrete insulin, then the
mantle cells modify the response by counter-acting;17,18,24 and (3) Artery to vein: following
the principal of blood circulation, blood flow enters into an islet from the artery and drains to
the vein regardless of the cellular composition.25,26 While these models are mutually
exclusive, Nyman et al. have shown in their elegant study of in vivo microcirculatory imaging
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of islet blood flow that all three patterns of blood circulation are observed in mice.27 They
reported that the core to mantle blood flow (Model 2) appeared to be predominant at least in
the dorsal pancreas. Nonetheless, the study implies that morphology does not determine
microcirculatory patterns of the islet. Our findings showing marked diversity in islet
architecture between islets from a single animal across all the species studied here does not
support a relationship, at least a simple relationship, between islet architecture and the pattern
of blood flow within the islet.

Islet plasticity under pathophysiological conditions such as obesity, pregnancy and diabetes
We have further shown that physiological and pathological states can affect islet composition
and architecture. Increased β-cell mass has been observed in models where there is an increased
metabolic demand such as obesity28,29 and pregnancy.30,31 Our study of mouse models of
obesity and pregnancy reports that total β-cell mass expansion is accompanied with
cytoarchitectural changes of the islet. Bock et al. described that the significant increase in β-
cell mass in ob/ob mice, which bears a mutation in leptin gene, was due to islet hypertrophy,
not an increase in the number of islets.32 It may suggest that individual islets can sense an
increased demand for insulin and compensate for it by accelerated β-cell replication and
cytoarchitectural reorganization. Similar changes are observed during pregnancy in mice, in
which compensatory changes of β-cell mass are tightly regulated by specific gene expressions.
30,31 One of the mouse models of type 2 diabetes, db/db mice, which exhibits obesity and
diabetes due to a mutation in the leptin receptor, shows a distinct phenotype of islet structure.
No large islets comparable to similarly obese ob/ob mice were observed, which may reflect
relatively mild obesity in db/db mice compared to ob/ob mice (40.7 ± 1.1 g and 54.5 ± 2.3 g,
respectively at 15-wk). Note that wild-type C57BL/6 mice at 15-wk weigh around 30 g
(www.jax.org). However, with overt diabetes (average blood glucose level: 388 ± 22 mg/dL),
a majority of islets show extensively intermingled endocrine cell composition with relatively
reserved β-cell components within an islet, and an overall size distribution of islets is
comparable to that of normal mice and other species. Note that this islet phenotype differs from
that of islets with “the collapse of the β-cell core” seen in NOD mice, a mouse model of
autoimmune diabetes. In NOD mice with overt diabetes, β-cells within an islet are replaced
with infiltrated lymphocytes and only residual α- and δ-cells are observed in an islet-like
structure (Hara et al. unpublished data).

Human versus mouse islets
Histological studies of human islets tend to emphasize the differences between human and
mouse islets rather than their similarities. However, studies of human islets are confounded
largely by the paucity of human islets and pancreatic tissue for research. Variability of the
quality of islets including purity and functionality results in the difficulty of normalizing data
generated from specimens from various donors of different ages, ethnic backgrounds and health
states. Therefore, simple comparison of human data with that of laboratory animals may be
misleading.

In summary, the comparative study on islets in various species has revealed the striking
plasticity in islet architecture and composition among species as well as within the same
species. We have also shown that such plasticity is seen in response to physiological and
pathological changes in the body. Considering the definite size limit of an islet as a micro-
organ observed throughout various species, the overall differences of islet architecture and
functions (and possibly a certain gene expression), between human and mouse islets in
particular, may reflect physiological and evolutionary adjustments to accommodate changing
demands for insulin under normal and pathophysiological conditions rather than species
differences.
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Materials and Methods
Animals

Pancreata were obtained from rhesus monkeys (Macaca mulatta), Yorkshire farm pigs (Sus
scrofa), New Zealand white rabbits (Oryctolagus cuniculus) and song birds (provided by Dr.
Daniel Margoliash). Mouse pancreata were obtained from normal, ob/ob, db/db and pregnant
mice (C57BL/6). All the procedures involving animals were approved by the University of
Chicago Institutional Animal Care and Use Committee.

Human pancreatic tissue slides
Slides with human pancreatic tissue were purchased from the Network for Pancreatic Organ
Donors with Diabetes (nPOD). Use of human tissue sections was approved by the University
of Chicago Institutional Review Board.

Immunohistochemistry
Paraffin-embedded sections were cut with a thickness of 6 μm. Sections were stained with a
polyclonal guinea pig anti-porcine insulin primary antibody (DAKO, Carpinteria, CA), a
mouse monoclonal anti-human primary glucagon antibody (Sigma-Aldrich, St. Louis, MO), a
polyclonal goat anti-human somatostatin primary antibody (Santa Cruz Biotechnology, Santa
Cruz, CA) and DAPI (Invitrogen, Carlsbad, CA). The primary antibodies were detected using
different combinations of Cy2, Cy5 and Texas Red-conjugated secondary antibodies (Jackson
ImmunoResearch Laboratories, West Grove, PA). Microscopic images were taken with an
Olympus IX81 DSU spinning disk confocal microscope (Melville, NY).

Data analysis
Numbers of specimens and islets analyzed are as follows: human healthy adults (39 ± 4.2 yr,
n = 3, 192 islets), rhesus monkey (1-yr, n = 2, 224 islets), pig (6-mo, n = 3, 285 islets), rabbit
(6-mo, n = 3, 134 islets), mouse (wild-type, 6-mo, n = 3, 104 islets), song bird (40-d, n = 5, 80
islets), db/db mouse (15-wk, n = 3, 104 islets), ob/ob mouse (15-wk, n = 3, 158 islets), and
pregnant mouse (3-mo, n = 3, 105 islets). Human pancreatic sections were sampled from the
head region (nPOD). Sections shown for the various animals studied were randomly selected
and are repesentative. Three dimensional scatter plots were generated using MATLAB (The
MathWorks, Natick, MA). To quantify the difference in islet size distribution among species,
we fitted the distributions with the lognormal function with two parameters, μ and σ:

Note that the islet size, s, is shifted with 10 μm to reflect the biological distribution starts from
a finite size, not zero. As a fitting routine, we used the nonlinear least-squares Marquardt-
Levenberg algorithm provided by a GNUplot package.

Statistical analysis
Statistical analyses were performed using nonpaired two-tailed student's t test. Differences
were considered to be significant at p < 0.05.
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Figure 1.
Immunohistochemical analysis of pancreatic islets from various species. (A) Islet size
distribution across several species including ob/ob, db/db and pregnant mice. Note the similar
distribution pattern within the closely overlapping range in size among species. (B)
Immunofluorescent staining of insulin (green), glucagon (red), somatostatin (orange) and
nuclei (blue) showing an overview of islet distribution in each species. (a) Human, (b) Rhesus
monkey, (c) Pig, (d) Rabbit, (e) Mouse, (f) Song bird. Scale in μm.
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Figure 2.
Plasticity and variability of islet in various species. Representative islets of each species are
shown on the left, and distribution of islets according to endocrine cell composition is plotted
in 3D on the right. Each dot depicts a single islet. Note the diversity of islet size, shape and
cell composition among species as well as within the same species, demonstrating the plasticity
and variability of islets. For birds, islets with beta-cells were selectively shown. Scale in μm.
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Figure 3.
Mathematical analysis on islet size distribution and cellular composition among species. Top:
lognormal probability density functions are fitted to histograms of islet effective diameters
(i.e., a parameter that depicts the same area of a theoretical perfect circle) for each species.
Bottom: cellular composition ratios (β-cells in green, α-cells in red and δ-cells in blue) for each
islet effective diameter bin.
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Figure 4.
Changes in islet architecture and composition under pathophysiological conditions such as
obesity, pregnancy and diabetes. (A) Overviews of islet distribution in ob/ob (a), pregnant (b)
and db/db (c) mice. Scale in μm. (B) Corresponding 3D scatter plots to images in (A) are shown.
Distribution of endocrine cell composition is compared between human and mice under normal
and pathophysiological conditions (lower left). Note the similarities in islet size distribution
and islet composition between humans and mice.
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Table 1

Islet size and β-cell ratio for different species

Species Islet size (μm) β-cell ratio μ σ

Human 50 ± 29 0.64 ± 0.21 33 ± 1 0.66 ± 0.03

Monkey 67 ± 38* 0.79 ± 0.14* 46 ± 2 0.58 ± 0.04

Pig 49 ± 15a 0.89 ± 0.11* 38 ± 2 0.46 ± 0.04

Rabbit 64 ± 28* 0.79 ± 0.17* 53 ± 3 0.62 ± 0.05

Bird 24 ± 6* 0.46 ± 0.24* 13 ± 1 0.44 ± 0.04

Wild-type mouse 116 ± 80* 0.85 ± 0.14* 90 ± 12 1.11 ± 0.11

ob/ob mouse 86 ± 76* 0.92 ± 0.11* 43 ± 3 0.90 ± 0.05

db/db mouse 47 ± 24b 0.53 ± 0.24c 36 ± 6 1.10 ± 0.14

Pregnant mouse 112 ± 94* 0.84 ± 0.22* 66 ± 7 1.25 ± 0.08

Islet size is described as an effective diameter of a circle, which depicts the same area as a measured islet area. β-cell ratio is the area ratio of β-cells
in an islet. Both data sets are expressed as the mean value with its standard deviation. Islet size distribution is fitted with the lognormal function with
two parameters describing the peak position, μ, and the x-axis scale, σ. Error of the parameter values is an asymptotic standard error calculated from
the fitting routine of GNUplot.

*
p < 0.0001 compared with human.

a
p = 0.65

b
p = 0.42

c
p = 0.0004
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