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Abstract

Monotremes have undergone remarkable changes to their digestive and metabolic control system; however,
the monotreme pancreas remains poorly characterized. Previous work in echidna demonstrated the presence of
pancreatic islets, but no information is available for platypus and the fine structure has not been described for
either monotreme. Based on our recent finding that monotremes lack the ghrelin gene, which is expressed in
mouse and human pancreatic islets, we investigated the structure of monotreme islets in more detail.
Generally, as in birds, the islets of monotremes were smaller but greater in number compared with mouse.
B-cells were the most abundant endocrine cell population in platypus islets and were located peripherally,
while a-cells were observed both in the interior and periphery of the islets. 5-cells and pancreatic polypeptide
(PP)-cells were mainly found in the islet periphery. Distinct PP-rich (PP-lobe) and PP-poor areas (non-PP-lobe)
are present in therian mammals, and we identified these areas in echidna but not platypus pancreas.
Interestingly, in some of the echidna islets, a- and B-cells tended to form two poles within the islets, which to
our knowledge is the first time this has been observed in any species. Overall, monotreme pancreata share the
feature of consisting of distinct PP-poor and PP-rich islets with other mammals. A higher number of islets and
a- or B-cell only islets are shared between monotremes and birds. The islets of monotremes were larger than
those of birds but smaller compared with therian mammals. This may indicate a trend of having fewer larger
islets comprising several endocrine cell types during mammalian evolution.
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et al. 2008). Our previous studies have shown the loss of
another key metabolic gene in the monotreme genome,
ghrl, that encodes ghrelin, a hormone known to be

Introduction

The egg-laying monotremes diverged prior to marsupial

and eutherian lineages, and hence are of great importance
for our understanding of mammalian evolution. Mono-
tremes have undergone striking physiological, anatomical
and genetic changes in regards to their digestive system.
Previous work reported an extraordinarily small stomach,
the lack of glands (the only glands present are the Brun-
ner's glands) and a neutral pH (Krause, 1971; Griffiths,
1978). Subsequent work showed wholesale loss or inactiva-
tion of genes required for the formation of gastric juice
and gastric function such as gastrin and pepsin (Ordonez
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released from stomach and pancreatic e-cells in eutherian
mammals (Wierup et al. 2002; He et al. 2013).

The pancreas is an essential component of both the diges-
tive and endocrine systems. It is divided into two compo-
nents, the exocrine pancreas that produces digestive
enzymes and bicarbonate that are released into the small
intestine, and the endocrine pancreatic islets of Langerhans,
which in humans and mice consist of five main endocrine
cell types. These five major hormone-releasing cell types are
a-cells (glucagon), p-cells (insulin), d-cells (somatostatin), PP-
cells (pancreatic polypeptide) and e-cells (ghrelin) (Wierup
et al. 2002). Islets play important roles in metabolic control,
in particular in regulating blood glucose homeostasis, as
well as influencing digestion through effects of endocrine
hormones on exocrine pancreas secretions (Youngs, 1972;
Henderson et al. 1981). The hormone-secreting islets of Lan-
gerhans evolved hundreds of millions of years ago in early
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vertebrates, and appear as multiple discrete entities within
the exocrine pancreas in vertebrates (Bonner-Weir & Weir,
1979). Despite this conservation of islets, their architecture
varies among species. For instance, the thoroughly studied
rodent islets have a well-defined core-mantle structure, with
B-cells clustered in the central core surrounded by non-f-
cells in the periphery (Elayat et al. 1995), whilst human islets
have a more scattered distribution of o- and B-cells (Cabrera
et al. 2006; Bosco et al. 2010).

Very little is known about the anatomical structure and
function of the platypus pancreas. Previous work in echidna
pancreas found distinctive endocrine and exocrine parts
and two different categories of islets: the -islets composed
of mostly B-cells with o-, 3- and PP-cells fewer in number;
and PP-islets, containing predominantly PP-cells with few or
no other endocrine cell types present (Yamada et al. 1990).
Several studies revealed the relation between PP levels and
human diseases. For instance, plasma PP levels were ele-
vated in diabetic patients (Floyd et al. 1976) as well as in
patients with pancreatic endocrine tumors (Larsson et al.
1976). A recent study also showed a diet-induced B-cell
function improvement in patients with Type 2 diabetes was
associated with decreased PP release (Kahleova et al. 2012).

The aim of this study was to characterize the structure
and distribution of pancreatic islets and endocrine cells in
monotreme pancreas in more detail. This revealed overall
therian-like islets in monotremes, with some notable similar-
ities with birds and also monotreme-specific characteristics.

Materials and methods

Sample collection

Platypus and echidna specimens were captured by netting (Animal
ethics permits AEEC R.CG.07.03 and AEC S-49-200 to F.G.) at the
Upper Barnard River (New South Wales, Australia) during breeding
season. Specimens were killed with an intraperitoneal injection of
pentobarbitone sodium (Nembutal) or pentobarbital (Lethabarb) at
adose of 0.1 mg g~". Tissue samples including pancreatic tissue were
snap-frozen or fixed in formalin and processed as described below.

Antibodies

Sequence comparison between platypus and human glucagon,
insulin and somatostatin has been done to compare the conserva-
tion of antibody epitopes across species (Table 1; Fig. S2). Only a
partial amino acid sequence of platypus PP is available in the gen-
ome database (http:/asia.ensembl.org/Ornithorhynchus_anatinus/
Info/Index). All the primary antibodies utilized in the present study
are listed in Table 1.

Immunohistochemistry

Pancreas tissue was fixed in formalin and processed in butanol
before embedding in low-melting paraffin. All pancreas samples
were sectioned at 5 um, and 10 consecutive sections were obtained

with the first and last section stained with hematoxylin and eosin
(H&E) following standard methods.

Before immunofluorescence, sections were deparaffinized and
dehydrated with ethanol. The antigen-retrieval process was per-
formed by 20 min treatment at 37 °C with proteinase K (1: 1000;
Roche; cat. no. 03115887001) for glucagon and insulin staining, or
incubation in sodium citrate (0.01 m, pH 6.0) buffer for 20 min for
somatostatin and PP staining. Ten percent normal horse serum in
antibody diluent [NaCl, NaH,PO,4, Na,HPO,4-2H,0, 10% NaNs in dis-
tilled water (pH 7.1)] was used as blocking agent. Primary antibod-
ies (Table 1) were diluted in 10% normal horse serum. Antigens
were visualized using appropriate secondary antibodies, Alexa 488-
conjugated goat anti-guinea pig (1:100; Invitrogen; cat. no.
A11073), Alexa 568-conjugated goat anti-rabbit (1 : 100; Invitrogen;
cat. no. A11011) and Alexa 488-conjugated donkey anti-goat (1:
100; Invitrogen; cat. no. A11055). Primary antibodies were incu-
bated on tissue sections overnight at 4 °C, followed by 4 x 5 min 1
x phosphate-buffered saline (PBS) washes. Secondary antibodies
were incubated at room temperature for 2 h with 4 x 5min 1 x
PBS washes before mounting with ProLong® Gold antifade reagent
with DAPI (Life Technologies).

Image acquisition and quantification

For imaging, a Zeiss (Jena, Germany) Axiolmager Z1 microscope was
used equipped with a x 10 ocular, and x 20 and x 63 objective
lenses. Fluorescent tags were visualized using three filters for DAPI
(blue), Alexa 568 (green) and Alexa 488 (red). Images were taken
with an Axiocam charge-coupled device camera, and image analysis
was performed using Zeiss Axiovision software. Morphometric
analysis was performed on multiple consecutive tissue sections to
ensure complete representation of both large and small islets in the
data.

Statistical analysis

Data are expressed as mean values with standard deviation (SD).
Statistical analyses were performed using paired Student's t-test.
Differences were considered to be significant at P < 0.05.

Results

Histology of monotreme pancreatic tissue

Anatomically the pancreas of the platypus appeared diffuse
and was difficult to discriminate from surrounding connec-
tive and adipose tissue, while in the echidna the pancreas
was a more discrete organ readily distinguished from sur-
rounding tissue (observed by F. Grutzner and A. Casey dur-
ing dissection). The overall pancreatic histology and cytology
of platypus (Fig. 1C,D) and echidna (Fig. 1E,F) was similar to
mouse (Fig. 1A,B) and other mammals with well-structured
exocrine acini, ducts, blood vessels and endocrine islets of
Langerhans. H&E staining of monotreme pancreas showed
numerous lobules of acinar glands consisting of basophilic
cells. The lumen of the acinus is the origin of the secretory
duct and contains centroacinar cells, which are pale staining
and smaller in size than the acinar cells (Fig. 1B,D,F).

© 2015 Anatomical Society
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The eosinophilic endocrine islets of Langerhans were scat-
tered throughout the exocrine tissue. The size of islets var-
ied considerably, from 10 or fewer cells to over 100 cells per
islet. Generally, platypus (mean diameter 46 um) and
echidna islets (mean diameter 41 um) were similar in size,
but were generally smaller than mouse (mean diameter 88
um) (Fig. 2) or human islets (mean diameter 140 pm)
(Hellman & Hellerstrom, 1969; Takei et al. 1994; Kim et al.
2009). Also, there appeared to be a lot of endocrine cells
scattered either singly or in small groups of two or three
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through the exocrine region in the pancreas of both platy-
pus and echidna. The shape of most islets in both species
was round or oval, but some showed a more irregular shape
(Fig. S3a). No distinct pattern of distribution was identified
in terms of accumulation of islets in certain areas. Most
islets were surrounded by exocrine tissue, but some were
located within connective tissue next to blood vessels, ducts
or between fat cells. The outlines of small islets were not
always clearly delineated, whereas large islets tended to
have more clear boundaries (Fig. S3b,c).

Table 1 Monoclonal (mAb) and polyclonal (pAb) antibodies used in the present study.

Antibodies Host Epitope Source Optimal dilutuon Cat. no.

Anti-glucagon mAb Rabbit N-terminal Abcam, Cambridge, UK 1:1000 ab92517
(HSQGTFTSDYSKYLDSR)

Anti-insulin pAb Guinea pig Unknown Dako, Carpitneria, CA 1:50 A0564

Anti-somatostatin-14 pAb Rabbit C-terminal Abcam, Cambridge, UK 1:100 ab64053
(AGCKNFFWKTFTSC)

Anti-PP pAb Goat C-terminal Sigma-Aldrich 1:25 SAB2500747
(TRPRYGKRHKEDT)

PP, pancreatic polypeptide.

Fig. 1 Histology of pancreatic tissue from
mouse, platypus and echidna. H&E-stained
sections of mouse pancreas (A, B), platypus
pancreas (C, D) and echidna pancreas (E, F).
Arrows point to the islets of Langerhans in
(A), (C) and (E) (scale bar: 50 pm).
Arrowheads show the centroacinar cells of
the exocrine acinus in (B), (D) and (F) (scale
bar: 20 um).

© 2015 Anatomical Society




376 Anatomy of the monotreme pancreas, C. He et al.

A
~ 200 -
£
=
@ 150 4
K
2 —_— —_—
% 100 - 4
S
3
@ 50+
5 T BB ==
a o4
Mouse Platypus Echidna
B
Median
. No. of No. of . Average
Species animals islets diameter diameter (um)
(um)
Mouse 3 67 82 88 43
Platypus 4 111 45 46 £ 17 *
Echidna 4 115 38 41%+18*

Fig. 2 Size of the islets of Langerhans in mouse, platypus and
echidna. Islet size was described as an effective diameter of a circle
that depicts an area corresponding to a measured islet area. Means
are shown as ‘+' in the box and whiskers graph (A). The values shown
in (B) are mean =+ SD per animal. The tissue measured is H&E-stained.
*P < 0.05 compared with mouse.

Immunolocalization of endocrine hormones

The mouse islets of Langerhans had a well-defined core-
mantle structure, with p-cells accounting for 72.8%
(Table 2) of all endocrine cells, clustering in the central core
surrounded by non--cells, mainly a-cells (12.4%), but also
8- (10.8%) and PP-cells (4.0%) in the periphery (Figs 3A-C
and 4A-C; Table 2).

Glucagon- and insulin-immunoreactive cells were identi-
fied in platypus pancreas (Figs 3D-F and 4D). In most islets,
B-cells were the predominant cell type (64.4%) and were
distributed peripherally, whereas a-cells were located both
in the center and periphery of the islets (Table 2). Somato-
statin- and PP-immunoreactive cells were fewer in number,
and were observed in the islet periphery. In some islets, PP-
cells were also found in the core (Fig. 4F).

The pancreatic tissue of echidna could be grouped into
two categories based on the predominant cell type in the
endocrine islets: the PP-lobe and the non-PP-lobe. In the PP-
lobe, PP-cells predominated (55.1%) and were located in
the core (Fig. 4l). Insulin- (Fig. 4G) and somatostatin-
(Fig. 4B) positive cells were also observed but mainly in the
periphery. o-cells were rare in the PP-lobe. In contrast, in
the non-PP-lobe, while some islets consisted predominantly
of a-cells, others were predominantly made up of B-cells
(Fig. 3G-1). Interestingly, 17.6% of the islets (Fig. 3I; Fig. S1)
had a unique architecture where o- and B-cells clustered at
opposite ends of the one islet. The overall proportion
between o- and B-cells across the whole non-PP-lobe was

about 1:1 (36.3:37.7%; Table 2). d-cells and PP-cells were
identified in fewer numbers than o- and B-cells in the
periphery, accounting for 14.6% and 11.4% of total islet
cells, respectively.

In the exocrine region of both platypus and echidna pan-
creas, immunoreactive cells of all four types were observed
to be scattered either singly or in small groups of two or
three cells throughout.

Discussion

The structure and histology of exocrine pancreas is overall
conserved between mammals and birds (Motta et al. 1997;
Mobini, 2013). We demonstrated that conservation of the
general anatomy of the exocrine pancreas is also main-
tained in monotremes, in spite of the large-scale physiologi-
cal, anatomical and genomic changes in their digestive
system. In contrast, endocrine pancreas cytoarchitecture can
be quite different between species. This may reflect evolu-
tionary adaptations to different diets or other environmen-
tal conditions (Cabrera et al. 2006). Consistent with their
phylogenetic position, the histology of monotreme endo-
crine pancreas showed greater resemblance to that of birds
and marsupials than to eutherian mammals (reviewed by
Steiner et al. 2010; Heller, 2010).

The overall anatomy of the platypus pancreas appeared
more diffuse compared with the distinct pancreas of
echidna (Gritzner & Casey, personal communication). Such
differences are also observed in therian mammals: rodents
and lagomorphs also feature a diffuse pancreas (Dimitrov
et al. 2013), while they are more defined in carnivores (Grif-
fith, 1989). How this might relate to dietary or feeding
behavior is currently unclear.

In terms of islet anatomy, we found that generally the
monotreme islets are smaller than those of other mamma-
lian species (Fig. 2), but larger than those of birds (Kim
et al. 2009; Steiner et al. 2010). Overall this indicates a trend
towards fewer islets with enlarged size during mammalian
evolution.

Immunolocalization of glucagon, insulin, somatostatin
and PP in the pancreas identified most main cell types
within the islets. The arrangement of mouse pancreatic
islets described here is consistent with numerous other stud-
ies of rodent islets, with a well-defined core-mantle struc-
ture of central B-cells surrounded by non-B-cells fewer in
number in the periphery (Heller, 2010; Steiner et al. 2010).
Unlike this characteristic distribution of rodent islet cells,
platypus pancreas had an arrangement where f-cells were
mainly located in the periphery, an arrangement previously
observed in horse (Helmstaedter et al. 1976; Furuoka et al.
1989). Also the ratio between B- and a-cells was lower than
that of mouse (~3: 1 in platypus compared with ~6:1 in
mouse; Table 2). Immunohistochemical study of islet vascu-
larization of monotreme islets was unsuccessful due to fail-
ure of several mammalian antibodies directed against

© 2015 Anatomical Society



vascular endothelial markers to cross-react with the mono-
treme antigens. For this reason we could not ascertain the
role played by vascularization in monotreme islets and
whether the endocrine cells were located adjacent to blood
vessels as is seen in human islets (Cabrera et al. 2006).

The existence of a PP-cell-rich region is well established in
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Interestingly, we did not see such an arrangement of PP-
cells into a PP-rich lobe in platypus. This may be a result of
the diffuse structure of the platypus pancreas, which made
dissection and identification of distinct head, body or tail
regions difficult. In contrast, a greater proportion of PP-cells
has been reported in the head region of echidna pancreas

(Edwin, 1987), and our work confirmed the existence of dis-
tinct PP- and non-PP-lobes in echidna.

the pancreas of several therian mammals (Orci et al. 1978;
Edwin, 1979, 1987; Reddy et al. 1986; Wang et al. 2013).

Table 2 Cellular compositions of the islets of Langerhans in mouse, platypus, echidna, possum and chicken.

No. of No. of
Species animals islets a-Cells B-Cells 3-Cells PP-cells Reference
Mouse 3 53 Periphery Core Periphery Periphery
12.4% 72.8% 10.8% 4.0%
Platypus 3 135 Core/periphery  Periphery Periphery Core/
21.6% 64.4% 10.6% periphery
3.4%
Echidna PP-lobe 2 74 Periphery Periphery Periphery Core
1.1% 24.8% 19.0% 55.1%
Non-PP-lobe 2 90 Core Core Periphery Periphery
36.3% 37.7% 14.6% 11.4%
Possum Core/periphery  Core/ Core (few)/  Periphery/ (White & Harrop, 1975;
highest % periphery periphery scattered Reddy et al. 1986)
(up to 70%)
Chicken  A-islets Core Few Periphery Periphery (Epple & Farner, 1967;
22% 11% Watanabe et al. 1975;
do Prado et al. 1989;
Edwin & Leigh, 1993;
Nascimento et al. 2007)
B-islets Few Core
Mixed islets Periphery Core

The location of each cell type and the number of cells from each type that make up an islet is shown (%).PP, pancreatic polypeptide.

Glucagon

DAPI merge
-
H |

Fig. 3 Immunohistochemical localization of
glucagon (red), insulin (green) and nuclei
(blue) in the endocrine pancreas of mouse
(A-C), platypus (D-F) and echidna (G-).
Scanned with a Zeiss Axiolmager 2.1
microscope. Scale bar: 50 pm.
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Glucagon

Somatostatin

Platypus

Echidna
(PP-lobe)
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In the non-PP-lobe of echidna pancreas, islets were either
exclusively a-cells or B-cells or a mixture of both o- and -
cells (Fig. 3l). This arrangement of a- and -cells is different
from those of mouse and human, where all islets always
contain both o- and B-cells, except for those located in the
PP-rich head regions (Steiner et al. 2010; Wang et al. 2013).
Islets that consist of exclusively a-cells or B-cells are also seen
in several marsupial species and birds (Hazelwood, 1973;
White & Harrop, 1975; Reddy et al. 1986). In birds, pancre-
atic islets are divided into three different categories: (i) islets
consisting of a-cells in the core and several 3-cells in periph-
ery and a few B-cells; (ii) islets containing mainly B-cells, sur-
rounded by several 3-cells and a few a-cells; and (iii) mixed
islets consisting of o-, - and 3-cells (Hazelwood, 1973; Wa-
tanabe et al. 1975; do Prado et al. 1989; Lucini et al. 1995).
We observed all these three type of islets in echidna. How-
ever, we discovered that some of the mixed islets in echidna
had a distinctive polarity where o- and B-cells were juxtaop-
posed to form two distinct hemispheres (Fig. 3I; Fig. S1).
This has not been reported in other species and maybe a
fourth, possibly monotreme-specific category of islets. It is
currently unclear what these different islet types may mean
for the functioning of the islets in monotremes.

Evidence from a study by Griffiths (1965) suggests that
the pancreatic islets function in a similar way to those of
carnivore eutherians as, while there is a rapid response to
high levels of orally administered glucose, echidnas appear
to have a high tolerance to glucose. Their fasting blood

Fig. 4 Immunohistochemical localization of
glucagon, insulin, somatostatin and
pancreatic polypeptide (PP) in the endocrine
pancreas of mouse (A-C), platypus (D-F) and
echidna (G-L). (A—C) Consecutive mouse
pancreatic sections incubated with the anti-
glucagon (A, red), anti-insulin (A, green), anti-
somatostatin (B) and anti-PP (C) antibodies.
(D-F) Consecutive platypus pancreatic
sections incubated with the anti-glucagon (D,
red), anti-insulin (D, green), anti-somatostatin
(E) and anti-PP (F) antibodies. (G-L)
Consecutive echidna pancreatic sections
incubated with the anti-glucagon (G, J, red),
anti-insulin (G, J, green), anti-somatostatin (H,
K) and anti-PP (I, L) antibodies. In all three
species, glucagon, insulin, somatostatin and
PP immunoreactivities were present on
different cell populations. Scale bar: 20 um.

glucose is, however, lower than some eutherians (Griffiths,
1965). A modest drop in blood glucose was measured in
response to exogenous insulin administration. Curiously, a
single experiment using crude preparations of echidna pan-
creas when injected into rabbits showed induction of a
‘striking and prolonged’ hyperglycemia, suggesting the
presence of a relatively high glucagon concentration in the
islets (Griffiths, 1965). However, our data suggest there are
more f-cells than o-cells in the monotreme pancreas
(Table 2), which would imply that preliminary observation
by Griffith is somewhat counterintuitive. Ultimately it
would be interesting (but challenging in these wild animals)
to measure the pancreatic insulin and glucagon levels under
different conditions.

Several studies have suggested that in humans, heterolo-
gous contact between o- and B-cells favors insulin release
stimulated by glucagon (Huypens et al. 2000; Wojtusciszyn
et al. 2008). On the other hand, Bosco et al. (1989) showed
that homologous interaction between f-cells improves insu-
lin secretion in mouse. Whether the arrangement of differ-
ent cell types in the monotreme islets has a functional
significance relating to insulin secretion remains unknown.
Moreover, studies of human and mouse pancreas suggested
that there is considerable plasticity in the structure of islets
influenced by physiological and pathophysiological condi-
tions, such as pregnancy, fat mass or diabetes (Cabrera et al.
2006; Steiner et al. 2010). Hence, the differences in general
pancreas anatomy as well as the arrangement of islet cells

© 2015 Anatomical Society



between platypus and echidna may be related to their dif-
ferent metabolic requirements and dietary habits. Platy-
puses are highly active aquatic animals that feed mainly on
invertebrates (Burrell, 1927), whereas echidna are known to
have a low metabolic rate and a diet of mainly ants and ter-
mites (Augee et al. 2006).

In summary, the pancreata of monotremes contained
both endocrine and exocrine structures, and share a similar
overall structure with other mammals. However, the endo-
crine islets of monotremes were smaller compared with the-
rian mammals and larger than those of birds, indicating a
trend towards the reduction of numbers whilst enlarge-
ment of islet size during mammalian evolution. The cytoar-
chitecture of the islets in platypus was more similar to those
of eutherian specie, whilst echidna showed more resem-
blance to birds and marsupials. We confirmed the existence
of PP-lobe and non-PP-lobe in echidna. In the echidna
non-PP-lobe, which is similar to that in birds, there are three
different islet types: islets containing exclusively a-cells or -
cells or a mixture of both o- and B-cells. Interestingly, the
arrangement of o- and B-cells in some of the mixed islets,
where o- and B-cells formed two poles of one islet, is unique
and to our knowledge has not been observed in other spe-
cies. Overall, this detailed histological analysis shows that
the monotreme pancreas is largely mammal-like with some
similarity to birds. Importantly the conservation of the islet
structure contrasts the dramatic changes observed in other
parts of the gastrointestinal system in monotremes.
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Supporting Information

Additional Supporting Information may be found in the online
version of this article:

Fig. S1. Immunohistochemical localization of glucagon (red),
insulin (green) and nuclei (blue) in the six consecutive echidna
endocrine pancreas sections (a—f, 5um apart), showing the
unique cytoarchitecture of a- and B-cells clustering to two oppo-
site hemispheres of the given islet. Scale bar: 20 um.

Fig. S2. Sequence comparison between human and platypus
pancreatic endocrine hormones. The epitope of each antibody
has been underlined where known. All sequences were acquired
from Ensembl (http://www.ensembl.org/index.html). hPPY,
human pancreatic polypeptide prohormone.

Fig. S3. Histology of pancreatic tissue from echidna. H&E-stained
sections of echidna pancreas showing islets with irregular shape
(a), big islets with clear boundary (b), and small islets without a
clear boundary (c). The islets of Langerhans are arrowed. Scale
bar: 50 pm.
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