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1. Abstract
The gastrointestinal tract comprises a number of digestive organs including
the stomach and pancreas. The stomach is involved in the digestion and
short term storage of food while the pancreas is a mixed endocrine and
exocrine gland which provides the body with hormones and enzymes
essential for nutritional utilisation. The pancreas consists of three different
cell lineages, acinar, ductal and endocrine cells. The endocrine cells,
organised in the islets of Langerhans, are scattered throughout the exocrine
parenchyma and regulate blood glucose levels by production of hormones
such as glucagon and insulin.
The Nkx family of homeodomain proteins controls numerous processes
during development. Previous studies have identified two members
belonging to the Nkx6 subfamily of Nkx proteins, Nkx6.1 and Nkx6.2. We
have described the cloning and embryonic expression pattern of Nkx6.3. All
three members of the Nkx6 gene family were shown to be expressed in
partially overlapping domains during the development of the gastrointestinal
tract and the central nervous system. Nkx6.2 was also identified as a
transient marker for pancreatic exocrine cells.
Analysing gene expression patterns and morphological features in tissues
and organs is often performed by stereologic sampling which is a labourintensive two dimensional approach that rely on certain assumptions when
calculating e.g. β-cell mass and islet number in the pancreas. By combined

improvements in immunohistochemical protocols, computational processing
and tomographic scanning, we have developed a methodology based on
optical projection tomography (OPT) allowing for 3D visualisation and
quantification of specifically labelled objects within intact adult mouse
organs. In the pancreas, this technique allows for spatial and quantitative
measurements of total islet number and β-cell mass. We have further
developed a protocol allowing for high resolution regional analyses based
on global OPT assessments of the pancreatic constitution. This methodology
is likely to facilitate detailed cellular and molecular analysis of user defined
regions of interest in the pancreas, at the same time providing information
on the overall disease state of the gland.
Type 1 diabetes mellitus (T1D) can occur at any age and is characterized by
the marked inability of the pancreas to secrete insulin due to an autoimmune
destruction of the insulin producing β-cells. Information on the key cellular
and molecular events underlying the recruitment of lymphocytes, their
infiltration of the islets of Langerhans and consequent β-cell destruction is
essential for understanding the pathogenesis of T1D. Using the developed
methodology we have recorded the spatial and quantitative distribution of
islet β-cells and infiltrating lymphocytes in the non obese diabetic (NOD)
mouse model for T1D. This study shows that the smaller islets, which are
predominantly organised in the periphery of the organ, are the first to
disappear during the progression of T1D. The larger islets appear more
resistant and our data suggest that a compensatory proliferative process is

going on side by side with the autoimmune-induced β-cell destruction.
Further, the formation of structures resembling tertiary lymphoid organs
(TLOs) in areas apparently unaffected by insulitis suggests that local factors
may provide cues for the homing of these lymphocytes back to the pancreas.
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3. Introduction
3.1 Development and function of the gastrointestinal tract
The major functions of the gastrointestinal tract (GI) are ingestion,
digestion, absorption, and excretion of food and nutrients. The GI includes a
number of digestive organs and is divided into three domains i.e. foregut
(oesophagus, stomach, duodenum and derivative organs inc. lungs, liver,
pancreas), midgut (Small intestine) and the hindgut (large intestine, rectum
and appendix).
In mice, the GI begins to develop at embryonic day 7.5 (e7.5) as a sheet
of endodermal cells starts to fold in the anterior to form a crescent-shaped
structure, the anterior intestinal portal (AIP), which will move to the
posterior. At e8.0 a posterior fold, the caudal intestinal portal (CIP), is
formed and migrates to the anterior. One day later the two regions fuse and
form a primitive gut tube and soon after the onset of organogenesis starts by
the swelling, budding and coiling of specific regions along the GI (GrapinBotton and Melton, 2000; Wells and Melton, 1999).
3.1.1 The mouse stomach
In mice, the stomach emerges as a bulge around e10 and its epithelial
component will during development undergo extensive remodelling to form
the self-renewing epithelium of the adult organ. The fully developed
stomach is organised into a squamous proximal part (fore-stomach) and a
distal glandular part (glandular stomach, GS) characterised by multiple

tubular invaginations called gastric units (fig. 1). The four major cell types
of the GS, i.e. mucous producing cells, acid producing parietal cells,
enzyme-producing

chief

cells

and

entero-endocrine

cells

(gastrin,

somatostatin, serotonin, ghrelin etc.) are all derived from a population of
multipotent stem cells located in the middle region of the gastric unit called
the isthmus. The main function of the stomach is to serve as short-term
storage of food. Pepsinogen, secreted by the chief cells, is activated to form
pepsin by the low pH in the stomach and is involved in the digestion of
proteins. The gastrin producing G-cells stimulate the secretion of HCl from
the parietal cells and are negatively regulated by somatostatin producing Dcells. Serotonin, produced by the EC-cells, is a negative regulator of
appetite whereas ghrelin, produced by X/A-like cells stimulates the appetite.
Further, ghrelin works together with somatostatin to control the timing and
magnitude of growth hormone (GH) secretion. The molecular mechanisms
regulating cell specification in the gut, as well as rostro-caudal distribution
of each cell type remain largely unknown and this is in particular true for
the differentiation of different cell lineages of the stomach.
The paired box genes Pax 4 and Pax 6, the homeobox gene Pdx1 (Ipf1)
and the bHLH gene ngn3 have all been shown to be important for endocrine
cell development in the stomach. It has previously been suggested that cells
co-expressing gastrin and somatostatin are the precursors for mature gastrin
and somatostatin producing cells (Larsson, 1977). Pax 6 is expressed both in
gastrin, somatostatin and G/D positive cells and null mutants display a
significant reduction of gastrin and somatostatin cell numbers and mRNA

expression which indicates that Pax 6 is involved in the maturation of these
cell types (Larsson et al., 1998). A more dramatic phenotype is observed in
the stomach of ngn3 null mutants in which no gastrin or somatostatin cells
can be detected (Lee et al., 2002).
Serotonine

cells

derive

from

both

somatostatin/serotonine

and

gastrin/serotonine precursor cells and Pax 4 null mutants show a great
reduction of somatostatin and serotonin cell number in the stomach.
(Larsson et al., 1996; Larsson et al., 1998). Pdx1 has been shown to be
important for the development of gastrin producing cells and null mutants

Figure 1: The glandular epithelium is composed of gastric units containing
the four major cell types of the GS. These are all derived from a population
of multipotent stem cells located in the isthmus region of the gastric unit.

are almost devoid of gastrin positive cells whereas the numbers of
somatostatin positive cells are unaltered (Larsson et al., 1996).
3.1.2 The mouse pancreas
In mouse, the pancreas starts to develop as two separate buds around e9.0
through the evagination of the gut endoderm posterior to the presumptive
stomach. The dorsal (splenic) and ventral (duodenal) buds will during
development grow, branch, differentiate and eventually fuse to form the
adult pancreas.
The pancreas is involved in the control of energy homeostasis in the
organism. It is composed of endocrine-, exocrine- and ductal cells. The
exocrine acinar cells produce digestive enzymes such as proteases, lipases
and nucleases that are transported to the intestine via the pancreatic ductal
system. The endocrine cells are scattered throughout the exocrine
parenchyma in the islets of Langerhans. In mouse, the β-cells form a core in
the islet surrounded by pancreatic polypeptide (PP)-, somatostatin-,
glucagon- and epsilon cells. Insulin is produced and released into the blood
stream in response to an increase in blood glucose levels. This leads to an
uptake of glucose in the target tissues (liver, muscle and fat). In contrast,
glucagon is released to increase the glucose levels by stimulating the
breakdown of glycogen stored in the liver. Somatostatin and PP both have
inhibitory effects on endocrine and exocrine secretion. Several transcription
factors and signalling pathways have been described during pancreatic

development. As mentioned above, several of these play important functions
also during development of the stomach. Of the genes listed in section 3.1.1,
Pdx1 is one of the earliest markers expressed in the developing pancreas
(~e8.5) and it is required for further development after the bud formation
(Ahlgren et al., 1996). Later in development Pdx1 is expressed in the
differentiating β-cells where it is required for insulin production and β-cell
function (Ahlgren et al., 1998).

Pax 4 is expressed in the pancreatic

progenitors at around e9-0-9.5 and at low levels in the adult pancreas. Null
mutants display a lack of β- and somatostatin cells (Sosa-Pineda et al.,
1997). The paralog gene, Pax 6 is expressed in the endocrine cells as soon
as they appear and the expression is maintained throughout development.
Pax6 deficient mice have reduced numbers of endocrine cells in the mature
islets and display an abnormal islet morphology (Sander et al., 1997; StOnge et al., 1997). Ngn3 is a marker for pancreatic endocrine progenitors
and Ngn3 null mutants reveal that this gene is required for the development
of the endocrine cell lineages of the pancreas (Gradwohl et al., 2000).
3.2 The diabetic pancreas
Diabetes mellitus (derived from the greek word “diabetes” = to siphon/pass
trough and “mellitus” = honey sweet) is a disease whose symptoms were
described over 3,500 years ago in a compendium of medical diseases
acquired in Luxor by the Egyptologist George Ebers in 1872 (Goldfine and
Youngren, 1998). Diabetes is a chronic disease that occurs when the
pancreas does not produce sufficient amounts of insulin, or when the body

cannot effectively use the insulin it produces (insulin resistance). This
results in high blood glucose levels, hyperglycaemia and if not treated
properly, to ketocidosis, weight loss, damage to nerves, blood vessels,
kidneys and eyes. The disease is coarsely classified into two groups, type 1
diabetes (T1D) and type 2 diabetes (T2D) based on its aetiology. According
to the world health organisation (WHO) more than 180 million people
worldwide have diabetes and this number is likely to have doubled by the
year 2030. T1D is believed to reduce the expected life span by 15 years and
T2D by ~5-10 years. In fact, diabetes is the cause of about 5% of all deaths
globally each year. Consequently, diabetes and associated complications not
only inflict suffering on a personal basis but also imposes a major
economical burden to the society.
3.2.1 Type 1 diabetes
Type 1 diabetes (T1D) is a chronic disease characterised by the autoimmune
destruction of β-cells which leads to hyperglycaemia. Autoimmune diseases
are believed to involve the breakdown of multiple tolerance pathways.
These pathways are individual complex networks that help to control a
harmful self-directed immune response. T1D is lethal unless treated daily
which was made possible by the discovery of insulin in the 1920´s by F.
Banting and J. MacLeod. Symptoms may occur suddenly and include
excessive excretion of urine, thirst, constant hunger, weight loss and vision
changes. The concordance between identical twins is 30-50% (Kyvik et al.,
1995; Verge et al., 1995) whereas the risk of developing T1D in first degree

relatives of patients is approximately 6% as compared to 0.4% in the general
population (Cruickshanks et al., 1994; Karvonen et al., 1993).
In T1D, lymphocytes invade the pancreatic islets, a process called insulitis
and target the insulin producing β-cells. The destruction is primarily
mediated by T-cells although circulating autoantibodies, produced by Bcells, directed against pancreatic antigens (insulin, glutamic decarbosylase
(GAD) and islet antibody (ICA) are present (Daw et al., 1996; Gianani et
al., 1995; Payton et al., 1995; Rabin et al., 1994; Rohane et al., 1995;
Schmidli et al., 1995).
3.2.2 The Non-Obese Diabetic (NOD) mouse model for T1D
Due to its many similarities to human T1D aetiology, the NOD mouse has
become a valuable tool for researchers in attempts to understand the
pathogenic mechanisms underlying T1D. The NOD mouse develops the
disease spontaneously with the pancreatic infiltration of lymphocytes,
commencing at 3-4 weeks of age. Onset of diabetes occurs at 12-14 weeks
of age in NOD females and slightly later in males. This difference has been
associated with sex hormones since androgen treatment of females reduces
the incidence of diabetes and castration of males increase the development
of disease (Fitzpatrick et al., 1991; Fox, 1992; Makino et al., 1981).
3.2.3 Type 2 diabetes (T2D)
T2D is caused by genetic and environmental factors and comprises around
90% of all diabetic cases around the world. It is characterised by insulin

resistance and/or abnormal insulin secretion. People with T2D are often not
dependent on exogenous insulin, but may require it in some cases for
control of blood glucose levels. Other treatments involve changes in diet,
weight loss, increase of exercise and administration of drugs that increase
the insulin secretion and insulin sensitivity. As the disease progress, a
decrease in the β-cell mass is often observed and eventually this leads to
insulin replacement therapy (Buchanan, 2003; Ferrannini and Mari, 2004;
Kahn, 2003; Rhodes, 2005). The strongest environmental risks for
developing Type 2 diabetes are obesity and inactivity. Although the risk for
T2D in the general population is about five percent, people who have a
parent or sibling with the disease have an increased risk of about 10 to 15
percent and the concordance between identical twins is almost 100 percent
(Barnett et al., 1981; Li et al., 2000).
3.3 Imaging the pancreas – challenges and perspectives
In mice and man alike, spatial and quantitative analyses of the pancreas has
proven a great challenge. The make up of the gland is highly complex and in
particular the scattered distribution of the endocrine compartment put high
demands on the tools utilised when analysing e.g. β-cell mass or islet
number. A much wanted aspiration is the development of a technology
allowing for non-invasive imaging of the human pancreas for clinical
scoring of islet mass. Promising attempts in this direction has been made but
much work remains to overcome obstacles regarding resolution and
specificity of contrast agents. However, if realised such a technology would

have great impact on our possibilities to early diagnose human T1D and for
the evaluation of therapeutic regimes.
Of great importance is also the possibility to perform accurate spatial and
quantitative analyses when conducting experimental diabetes research on
laboratory animals. Such analyses have traditionally been based on
information obtained via labour-intensive two-dimensional stereological
techniques. These rely on certain assumptions (they will always constitute
an extrapolation of two dimensional data) when analysing e.g. islet volume
or number (Skau et al., 2001). The ability to visualise different pancreatic
components in three-dimensions (with molecular specificity) and their
relative spatial distribution and volume throughout the pancreas would
significantly enhance our possibilities to address various aspects of pancreas
diseases and diabetes in particular. These range from phenotypical analyses
of genetic models for disease to assessments of disease aetiology and the
evaluation of new therapies.
3.3.1 Techniques for pancreas imaging and quantification
Sectioning and digital reconstruction is a commonly used technique for
3D and quantitative analysis in experimental animal research. It is however
a very time consuming process which involves several steps. The samples
are cut into hundreds of sections, mounted on slides, stained, photographed
and then processed through a computer to generate a 3D image. A major

difficulty with this technique is to fit the sections back together in order to
make a high quality 3D reconstruction.
Quantification of β-cell mass is today to a large extent carried out by
intervallic sampling of the pancreas followed by statistical analysis of the
data using various mathematical models. This is a very time and labour
consuming approach which may produce a good estimation of e.g. the total
β-cell mass and islet number. However, this type of data will always
constitute an extrapolation of T2D data and is not an absolute measurement.
Further, this approach does not provide information on the spatial
distribution of the β-cell mass.
Confocal microscopy is an excellent technique for imaging at highresolution by creating optical sections throughout small specimen (< 1mm).
A laser beam excite fluorochromes in the focal plane of the specimen and an
array of these sampled points, each with a discrete x,y,z coordinate, make
up a complete 3D description of the sample. In order to image larger
specimen the tissues must be cut into thick sections and scanned separately.
The resulting image stacks are then digitally reconstructed and aligned to
create a full 3D image of the whole tissue (Hecksher-Sorensen and Sharpe,
2001). This protocol however is less suited for the imaging of whole organs
the size of an adult mouse pancreas. Two photon laser scanning microscopy
(TPLSM) operating in the near infrared spectrum has several advantages
over conventional confocal laser scanning microscopy (CLSM), including
increased signal to noise ratio, lower phototoxicity and deeper penetration

into the tissue (Holmberg and Ahlgren, 2008). Although mainly used for 3D
visualisation of extracted islets of Langerhans (or sectioned tissue), which
does not permit visualisation of interacting cell types, several examples of
new applications for confocal microscopy have recently been described for
islet imaging. Examples hereof is protocols for intravital imaging of islets
in the tail of the pancreas in mice (Martinic and von Herrath, 2008) and for
imaging vascularisation of islets, engrafted into the mouse eye cornea
(Speier et al., 2008).
Magnetic resonance imaging (MRI) is a non-invasive technique which
today is used on a routinely basis in medicine for visualisation of organs and
even full body scans. The specimen is placed inside a strong magnetic field
and the hydrogen atoms in the sample align with a strong main magnetic
field. A second, oscillating, electromagnetic field changes the position of the
hydrogen atoms and as they move back to their original state, new radio
waves are produced. These are recorded and translated into high resolution
tomographic images of the specimen. However, imaging animal models or
small specimen (a few millimeters across) requires a very strong magnet and
therefore becomes very expensive. Another disadvantage with the technique
is the limited source of specific contrast agents. However, a recent study
performed in the NOD mouse showed that monocrystalline iron oxidase
nanoparticles can be used to follow the alterations in the microvasculature
that accompany insulitis (Turvey et al., 2005). The use of magnetic

nanoparticles also provide promising results for the detection of islet
transplants in diabetes induced mouse models (Evgenov et al., 2006).
Positron emission tomography (PET) is a nuclear imaging technique used
in medicine which detects pairs of gamma rays emitted indirectly by a short
lived radioactive isotope. The isotope is coupled on a biologically active
molecule, introduced into the patient and subsequent scanning followed by
computational reconstruction produces a three-dimensional image or map of
functional processes in the body. Vesicular monoamine transporter 2 is
expressed on the surface of human β-cells. Radioactive labelling of this
molecule has been used as a tissue-specific surrogate marker of insulin
production in order to quantify the β-cell mass in human and rodent models
(Harris et al., 2008). A drawback with this technique is the limited amount
of contrast agents and poor resolution.
Optical coherence tomography (OCT) can be described as an optical
equivalent of ultrasound but instead of sound waves, light is directed onto
the specimen and the intensity and time-of-flight of reflected photons are
detected, building up a full 3D description of the tissue (Huang et al., 1991).
The imaging depth of OCT is limited to a few hundred micrometers,
depending on the optical scattering properties of the specimen (Sharpe et al.,
2002). In extravital setups it is possible to image up to 300 µm with a
resolution of 2 µm (Holmberg and Ahlgren, 2008; Sharpe et al., 2002). The
islet of Langerhans backscatter light differently from neighbouring

pancreatic tissue, producing clear images of small and large islets in the
intact organ. The limited imaging depth aside, OCT is unable to detect
specifically labelled structures using fluorescent antibodies which limits the
possibility to detect gene expression and protein production (Holmberg and
Ahlgren, 2008).
3.3.2 Optical projection tomography (OPT)
OPT is a relatively new ex vivo imaging technique for 3D visualisation of
embryonic-scale specimen (Sharpe, 2003; Sharpe et al., 2002). As such, it
has facilitated studies of tissue interactions during pancreas development
(Asayesh et al., 2006). In contrast to other optical imaging modalities such
as confocal microscopy and OCT, the collected data obtained from an OPT
scan does not have a direct mapping to a single position in 3D space.
Instead, each piece of data indicates the total amount of light that has been
absorbed or emitted along a straight line through the specimen and a series
of projections are recorded onto the imaging chip of the charge-coupled
device (CCD) camera. When such data is added to similar data collected
Figure
2.
The
projections collected
during a scan are
reconstructed
into
tomographic sections
of the object. Image
kindly provided by J.
Sharpe.

from other angles, it contributes to a full description of the object. This data
can be reconstructed into tomographic sections of the object employing a
back-projection algorithm in the same way as with other tomographic
techniques.
The use of transmitted or emitted light makes OPT well suited for
detection of both fluorescent and non-fluorescent dyes, including standard
laboratory markers such as LacZ, in situ hybridisations and antibodies. The
possibility to use fluorescent dyes, is a great advantage over other
tomographic techniques in that it allows for the simultaneous detection of
multiple markers.
In a typical OPT setup, the stained tissue is mounted in a cylinder of low
melting point agarose and is made semi transparent using a mixture of
benzyle alcohol and benzyle benzoate “Murrays clear”. While placed in the
scanner, the specimen is rotated 360º and the rotational process is recorded
by the CCD imaging chip. The resultant 2D data is reconstructed into
tomographic sections. Using visualisation softwares, virtual tomographic
sections can then be obtained from different angles as well as 3D models
which allows for interactive assessments of gene expression or protein
distribution patterns. In summary OPT is a convenient, fast and relatively
cheap technique as compared to e.g. MRI and although not giving as high
resolution as confocal microscopy it fills an “imaging gap” between these
techniques. Although not allowing for non-invasive imaging, OPT has
recently been adapted for cultures of embryonic limb buds (Boot et al.,
2008). It is possible that this technique may be adapted to developmental

studies of the pancreas. Since the development of OPT in 2002,
contributions have been made to increase the quality of the collected data.
These include improvements in optics and the development of better back
projection algorithms (Darrell et al., 2008; Walls et al., 2007).

Figure 3: Scematic of the OPT setup showing the embryo rotating in an
agarose cylinder while light is transmitted from the specimen, focused by
lenses onto the camera imaging chip (CCD) (Sharpe et al., 2002).

4. Aims of this thesis
•

To determine a potential role for Nkx6.2 and Nkx6.3 during
development of the gastrointestinal tract and the CNS.

•

To adapt the concept of optical projection tomography (OPT) to
imaging and quantification of intact mouse organs and the mouse
pancreas in particular.

•

To develop a methodology allowing for combined global and
regional high resolution analyses of the pancreas.

•

To elucidate the spatial, temporal and quantitative dynamics of Tcell mediated β-cell destruction during the aetiology of type 1
diabetes.

5. Results and discussion
5.1 Paper I
5.1.1 Cloning and bioinformatics of Nkx6.3
The

Nkx

family

of

homeodomain

proteins

controls

numerous

developmental processes during vertebrae and invertebrate development.
Evolutionary duplication events have generated a number of Nkx genes
belonging to different classes and subfamilies. Several members of this
family have been shown to be important for controlling cell specification
events during the development of the GI and the central nervous system
(CNS). Given the important role for two previously identified members of
the Nkx6 family (Nkx6.1 and Nkx6.2) in development, the Celera database
was screened for putative genes belonging to this family. A region with
strong homology to Nkx6.1 and Nkx6.2 was found on human chromosome 8
and later also on mouse chromosome 8. cDNA from mouse e10.5 served as
a template for amplifying the coding sequence (CDS) of the novel gene
consisting of a 786 bp open reading frame (ORF) encoding a 262 amino
acid (aa) protein with an expected weight of 28.779 kDa. A blast search of
the sequenced CDS identified it as a predicted Ensembl transcript with two
exons, a 314 bp 5´ untranslated region (UTR) and 823 bp 3´ UTR. The gene
identified in our screen was named Nkx6.3. Putative orthologoues were
identified in diverse species such as rat (Chr 16), zebrafish (Chr 10) and
human (Chr 8). Similarly to both Nkx6.1 and Nkx6.2 the new gene contain

a NH2-terminal so called TN, or NK decapeptide domain showing sequence
similarity to the engrailed (eh1) domain present in the Engrailed (En)
transcriptional repressor. This domain has been shown to be involved in the
formation of transcriptional repression complexes by interaction with
members of the Gro/TLE family responsible for neural patterning in vivo
(Mirmira et al., 2000; Muhr et al., 2001). Moreover, Nkx6.3 contains a 60
aa homeodomain (HD) highly conserved between all three Nkx6 species
and also a roughly 20 aa conserved region in the COOH-termnal domain of
the protein (see fig. 4). It has been shown that this domain in Nkx6.1 can
cause activation of its own transcription during pancreatic beta-cell
differentiation (Iype et al., 2004). Nkx6.1 and Nkx6.2 showed stronger
phylogenetical linkage to each other than with Nkx6.3. As suggested by
Pedersen et al, (Pedersen et al., 2005) it is possible that Nkx6.3, being the
closest relative to Drosophila Nkx6, represent the ancestral gene in
vertebrates and that the other two genes arose by two sequential gene
duplications.

Figure 4: Alignment of the predicted Nkx6.3 protein with its
previously identified paralogs Nkx6.1 and Nkx6.2. The NK domain is
indicated by a broken line, the homeodomain by a filled line and the
conserved C-terminal domain by a dotted line.

5.1.2 Expression of Nkx6.3 during CNS development
Previous studies of Nkx6.1 and Nkx6.2 have shown broad expression of
these genes in ventral progenitor cells in the spinal cord and hindbrain.
Functional analysis showed that they work in a partly redundant fashion in
specification of motor neurons and interneuron subtypes in these regions
(Briscoe et al., 2000; Pattyn et al., 2003; Sander et al., 2000a; Vallstedt et
al., 2001a). In addition, Nkx6.1 and Nkx6.2 are also expressed in
differentiating visceral motor neurons in the hindbrain and are important for
the proper development of these neurons (Pattyn et al., 2003). Given the
important role for the Nkx6 genes in neural development, we analysed by in
situ hybridisation the expression of all three species in the CNS. These
studies showed that Nkx6.3, expression, in post-mitotic neurons, extensively
overlap with the V2 neuron markers Chx10 and Lhx3 (Lim3) and defines a
subpopulation of V2 neurons at this axial level. (Alanentalo et al., 2006).
This was later also described by another group (Hafler et al., 2008). V2
neurons are derived from progenitor cells expressing Nkx6.1 (Briscoe et al.,
2000) and Nkx6.1 mutant mice show a significant loss of these neurons in
the hindbrain (Sander et al., 2000b). Consistent with the idea that Nkx6.3 is
expressed in post mitotic neurons we observed a significant reduction of
Nkx6.3+ cells in the hindbrain of Nkx6.1 mutant mice while no alteration of
the cell number was seen in mice lacking Nkx6.2 (Alanentalo et al., 2006).
Nkx6.3 null mutants have been generated and molecular analysis of the
hindbrain did not reveal any detectable defects in this region whereas gain
of function experiments in the chick neural tube lead to ectopic expression

of Chx10 and Lhx3 and repressed the motor neuron marker Hb9 in the
spinal cord. These findings suggest that the lack of evident defects in the
CNS is due to functional compensation from related homeodomain
transcription factors (Hafler et al., 2008).
5.1.3 Expression of Nkx6.3 during gastrointestinal development
Nkx6.1 is expressed in the pancreatic β-cells and loss of function studies
showed a significant reduction of mature β-cells (Sander et al., 2000c). In
view of the above observation we performed an expression analysis of
Nkx6.2 and Nkx6.3 in this region during development. Nkx6.2 expression
was first detected at e9.5 in the ventral and dorsal pancreatic buds and later
in development the expression became restricted to the exocrine
compartment

This expression was down regulated already at e16.5 to

become virtually absent around e17. Nkx6.3 could at no stage be detected in
the mouse pancreas. In contrast to the mouse, Nkx6.3 is transiently
expressed in pancreatic endoderm in chicken (Pedersen et al., 2005).
No Nkx6 species could be detected in stomach or duodenal endoderm
before e10.5 of development. At this stage however, both Nkx6.2 and
Nkx6.3 showed an overlapping expression in the gut epithelium intervening
the pancreatic buds including a significant region of the presumptive
stomach and duodenum. However, Nkx6.3 was limited to a more caudal
region of the developing stomach. During later stages, Nkx6.2 was confined
to the presumptive glandular stomach (GS) and partially overlapped with
Nkx6.3 which expression was sustained in the presumptive duodenum until

e16.5. In the neonatal and adult stomach the two genes were predominantly
expressed in the base of the gastric units in the GS, a region mainly
populated by enteroendocrine and zymogenic cells (Alanentalo et al., 2006).
Given the GI expression of Nkx6.2 we analysed for alterations of the mouse
stomach and pancreas in Nkx6.2 null mice (Vallstedt et al., 2001b).
However, we could not detect any obvious alterations in these structures
indicative of a functional redundancy for the Nkx6 genes in this region.
Nkx6.1/Nkx6.2 compound mutants have been generated (Nelson et al.,
2007) and such mice display even fever β-cells then does Nkx6.1 null
mutant mice as well as a reduced number of glucagon producing α-cells.
Hence, it appears to be a more general requirement for Nkx6 activity in
pancreatic endocrine differentiation and Nkx6.2 may partially compensate
for Nkx6.1 this respect (Henseleit et al., 2005). In contrast to the CNS,
Nkx6.3 null mice show a phenotype in the stomach (Choi et al., 2008).
Whereas Nkx6.3 null mutants grow and develop normally with a grossly
intact stomach and duodenum they display markedly reduced gastrin
mRNA levels, fewer gastrin-producing (G) cells in the GS and increased
numbers of somatostatin producing (D) cells. Hence this is consistent with
the notion of bipotential G/D-cell progenitors during stomach endocrine
development (Choi et al., 2008; Oster et al., 1998) The generation of
Nkx6.2/Nkx6.3 compound mutants will most likely be required to more
definitively elucidate the role of these Nkx6 species for stomach
development.

5.2 Paper II
5.2.1 Adapting the OPT technology to whole organ imaging – reduction
of endogenous fluorescence.
OPT is an optical imaging tool that creates high resolution 3D images of
specimen on the embryonic scale (Sharpe, 2003; Sharpe et al., 2002). As
mentioned previously, labelling the specimen with fluorescent dyes holds
the advantage of allowing the simultaneous visualisation of up to three
channels. The technique however has been limited when assessing larger
size specimen, mainly due to several renowned predicaments associated
with whole mount immunohistochemistry using fluorescent antibodies. This
include masking of underlying structures, reagent background, poor
antibody

penetration,

incomplete

tissue

clearing

and

endogenous

autofluorescence caused by naturally occurring substances or different
fixatives. In an attempt to label and to visualise, by OPT, intact adult mouse
organs,

combinations

of

different

protocols

for

reduction

of

autofluorescence and for increasing antibody penetration were evaluated
and optimised to meet the requirements for OPT scanning of specimen on
the organ scale. In this enterprise, several known techniques for
autofluorescence reduction including the use of NABH4, CuCl2, and
photobleaching (Clancy and Cauller, 1998; Cowen et al., 1985; Csallany
and Ayaz, 1976; Dowson, 1983; Neumann and Gabel, 2002; Schnell et al.,
1999) were tested and deemed inadequate for sufficient reduction of
autofluorescence. A protocol was eventually established in which the

endogenous tissue fluorescence was reduced by over night treatment with
methanol, DMSO and H2O2 in a 2:1:3 ratio where DMSO acts as a
penetrance enhancer (Caspers et al., 2002; Sillitoe and Hawkes, 2002). This
protocol in combination with optimisations of the antibody incubation
protocol significantly increased the quality of the labelled specimen and
allowed for visualisation of organs and tissues on the centimetre scale with
full antibody penetration and acceptable signal to noise ratio (fig. 5). Hence,
different mouse tissues on the organ scale including heart, liver, brain,
gluteus muscle and pancreas could serve as templates for OPT scanning and
the resultant tomographic data sets could be turned into volume or isosurface renderings of the specific fluorophore signal (fig. 6).

Figure
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Figure 6: The developed methodology for whole organ imaging and
quantification may be applied for a range of organ systems and tissues.
A, The images depict iso-surface rendered OPT images of a neonatal
mouse brain labeled for the neuronal marker Isl1. Note the possibility to
virtually dissect the tissue, gradually laying bare the specific signal. B,
Volume rendering of OPT scanned adult liver lobes stained for smooth
muscle α-actin showing the major blood vessels. Images by T.
Alanentalo and U. Ahlgren.

5.2.2 A computational approach to background reduction
OPT scanning of adult specimen, as described above, showed a dramatic
increase in signal to noise ratio. However some samples experienced
residual non specific fluorescent artefacts. To overcome this problem we
employed a computational approach for background subtraction. Each
specimen was scanned at two different wavelengths, the first to detect the
specific fluorophore signal and the second (the anatomy channel) to detect
endogenous fluorescence from the tissue. The non-specific background
channel was thereafter subtracted (multiplied by a subtraction coefficient)
from the specific channel which, produced an image essentially devoid of
auto fluorescence induced artefacts.
The results were verified by sectioning and confocal scanning and we
were able to match the resulting optical sections against corresponding
virtual sections from the OPT reconstructions. When applied to pancreatic
specimen, labelled for insulin, the methodology allowed for spatial
assessments of the full islet β-cell distribution in interactive 3D-models.
Strikingly, these data laid bare a huge size variation between islets, the
smaller being distributed predominantly in the periphery of the gland
whereas the larger were located in the core of the tissue along the main duct.

5.2.3 OPT based quantification of the adult mouse pancreas
Once a protocol for obtaining clean tomographic data sets had been
established, we attempted to use the OPT data for β-cell mass quantification
of intact pancreatic specimen by 3D segmentation of the voxel data. This
generated information on the position, shape and β-cell volume in individual
islets of Langerhans throughout the gland. This data could in turn be crossreferenced back to the 3D model. Quantitative analyses of eight-week-old
NOD pancreata revealed that a few large islets (~8%) in such animals could
contribute to more then 50% of the overall β-cell mass. These results show
that the islets in a pancreas vary greatly in size and spatial distribution
which illustrates the importance of seeing the full distribution rather than
information on e.g. average islet numbers. Further, it has implications for
the application of stereological sampling techniques and highlights the
importance of taking uneven distribution patterns into account when
performing such analyses.
To examine the viability of the developed methodology for large-scale
studies we performed a pilot study comparing female non diabetic with
overt diabetic littermates. Five pairs were compared and several conclusions
could be made. The degree of variation between different pancreata in terms
of islet number, distribution of islet sizes, total β-cell mass and differences
between the splenic and duodenal pancreas was striking. As expected, the
difference in onset of diabetes between sibling pairs correlated well to the
total β-cell mass. Further it was established that β-cell decay may vary
significantly between the splenic and duodenal pancreata. It has been

suggested that the optimal approach to describe the relationship between
islet number and β-cell mass would be to determine the absolute distribution
of islets with respect to both number and size (Skau et al., 2001). In
summary, our analyses show that the developed methodology provides a
tool for global spatial and quantitative analyses of the adult mouse pancreas
(see fig. 7) which, in contrast to stereological sampling techniques do not
have to rely on extrapolation of two-dimensional data. As demonstrated, the
methodology could be expanded to cover also other organ systems and
protein distribution patterns and may as such be used for e.g. studies of
tumour vascularisation, neuronal research etc.
5.3 Paper III
5.3.1 A refined protocol for OPT based pancreas imaging.
The developed method for staining and imaging of pancreatic β-cell mass,
described above, was undertaken on an OPT scanner as described by Sharpe
et al (Sharpe et al., 2002) and included the use of a background subtraction
protocol (Alanentalo et al., 2007) We set out to further refine this technique
using the first available commercial OPT scanner (Bioptonics 3001) which,
if successful, would increase the accessibility of the technique to the
diabetes research community. In general, for fluorescence assays, the signal
to noise ratio is greater when moving towards the red part of the spectrum.
Therefore the filter in the OPT scanner was changed to an exciter D560/40X

and emitter E610lpv2 which is more suitable for detection of the
fluorophore Alexa594. Further, to better bear the weight of adult specimen
on the organ scale, in-house modified mounts were devised with stronger
magnets which prevented experienced “slipping” of the mounts during the
scan. In addition, we designed a protocol in the commercially available

Figure 7: Volume rendered 8
week splenic NOD pancreas
labelled

for

pseudo

insulin.

coloured

Each
“islet”

corresponds to a specific islet βcell volume with known spatial
coordinates.

The

current

specimen contains 998 insulin
producing islets with a total βcell volume of 8.04 x 108 µm3.
Image by T.Alanentalo and U.
Ahlgren.

imaging software Volocity for 3D visualization and quantification of
pancreatic β-cell distribution. This included some manual editing of the
tomographic sections to remove the occasional merging of larger islets. The
data sets were subsequently loaded into the software and islets were
detected defining an intensity threshold. Thereafter, a filter was applied to
reduce the noise from individual pixels. Altogether, this protocol omitted
the use of the background subtraction procedure previously described when
analyzing pancreatic β-cell distribution. Still, the use of a background
subtraction protocol may obviously come to use when assessing other organ
systems and tissues with strong autofluorescent properties or when other
parameters for various reasons needs to be changed.
5.3.2 Combined global and regional high resolution 3D analysis of the
mouse pancreas.
Confocal laser scanning microscopy (CLSM) is a powerful tool for high
resolution studies of specific regions in an organ and can image up to a
depth of 1 mm. However, the technology does not easily allow for the
extraction of the spatial distribution, total number and volume of the objects
of interest throughout an organ the size of a mouse pancreas. On the other
hand, OPT is as demonstrated a powerful tool for global spatial and
quantitative assessments of an adult mouse organ but it does not provide the
resolution required for detailed cell-level analyses. A methodology that
would allow for high resolution regional analyses based on the overall status
or the disease state of an organ would have several implications for diabetes

research, e.g. when screening for rare events or cell niches or for the
assessment of interacting cell types during the diabetogenic process. We
therefore set out to develop a protocol in which the strong points of both
CLSM and OPT could be best combined for such analyses. In this enterprise
we once again turned to the NOD model for T1D. Confocal imaging of
isolated islets does not provide any information of neighboring cells. Hence
it is difficult hereby to obtain high resolution 3D information on the insulitis
process on the islet level.
Duodenal pancreata from female NOD and congenic NOD.H-2b control
mice were isolated, stained for insulin and OPT scanned. NOD.H-2b is a
congenic mouse strain with a B6 H-2b loci that does not develop insulitis
induced diabetes. Volume calculations of 16 week NOD mice showed an
approximate 50% reduction in β-cell mass as compared to control mice.
Two individual islets from the NOD pancreata with different shapes and
volumes were identified as candidates for further analyses addressing the
interaction between the islets and infiltrating lymphocytes. By taking
advantage of the interactive properties of the 3D rendered OPT data; we
could use these as templates for directing microbiopsies. Using a thin glass
capillary we isolated the selected islets (β-cell volumes) based on their
spatial position, shape and volume. The isolated biopsies were counter
stained with a marker for infiltrating T lymphocytes (CD3) and subjected to
CLSM. This procedure allowed for the generation of high resolution 3Dimages of the autoimmune attack on individual islets of Langerhans based
on a global assessment of the islet distribution.

We anticipate that this method can be adapted to several other biological
studies where 3D-molecular distributions of specifically labelled structures
in combination with high resolution analysis of specific areas of the organ
are required. An example hereof could be the characterisation of a tumour(s)
in an organ on the global scale, followed by high resolution analyses
employing one or more additional markers.
5.4 Paper IV
5.4.1 Spatial and quantitative dynamics of β-cell destruction during the
progression of T1D in the NOD mouse
Much of our present understanding of the kinetics behind the autoimmune
destruction of

β-cells by lymphocytes comes

from

conventional

immunohistological studies that involve sectioning of the pancreas. While
providing excellent details about individual islets, this technique does not
give an overview of the pancreas as whole (see section 5.2.3). Based on the
concept of OPT, we set out to assess β-cell mass and number during the
period after weaning in the NOD and NOD.H-2b mice ranging from 3 to 16
weeks of age.
The total number of islets reached adult levels already at 3 weeks of age
whereas the total β-cell mass continued to increase reaching adult levels at 8
weeks of age. This result indicates that already existing β-cells expand
during development. As the insulitis progressed, the NOD mice started to
display a reduction in β-cell mass and islet number starting at 8 weeks of

age. The most dramatic decrease was seen in islet number rather than in βcell mass. To investigate this result further, islets were arbitrary categorised
into three size groups and quantitative and spatial assessments revealed that
this reduction was mainly due to the depletion of smaller islets located in the
peripheral parts of the pancreas. The largest islets, located along the main
duct in the core of the pancreas, appeared more resistant to the autoimmune
destruction. This observation might at a first glimpse be explained by
kinetics, i.e. it takes longer time for the immune system to destroy the βcells in the larger islets. However, diabetes has been suggested to induce βcell regeneration either through the recruitment of progenitor cells from the
ductal epithelium or through proliferation of mature insulin producing βcells (Dor et al., 2004; Nir et al., 2007). In an attempt to address this issue,
we calculated the average β-cell mass of the 10 largest islets in NOD mice
ranging from 6 to 16 weeks of age. This analysis indicated that the β-cell
mass increase in the largest islets towards the latter stages of the disease,
supporting the notion that a proliferative compensatory process is going on
side by side with the autoimmune-induced β-cell destruction. This result
does not exclude the possibility of β-cell regeneration through the
recruitment of ductal progenitors which may well be an ongoing
simultaneous process.
5.4.2 β-cell mass in diabetic versus non-diabetic NOD mice
The threshold of total β-cell volume required to prevent NOD mice from
developing overt diabetes was investigated in a pilot study using OPT

(Alanentalo et al., 2007). To confirm these results using our refined
protocol, we quantified the remaining β-cell mass in five sibling pairs at a
time point when one sibling had developed hyperglycaemia whereas the
other individual was normoglycemic. The resulting data confirmed that the
diabetic mice displayed consistently lower total β-cell mass as compared to
their non-diabetic littermates. Further, we could detect the same degree of
variation within both the diabetic and non-diabetic group between the
splenic and duodenal pancreas with regards to the degree of β-cell
destruction. This data suggest that there is no temporal or spatial preference
for which portion of the gland that is affected first. Hence, in e.g. in the nondiabetic group the splenic pancreas could be more affected in one individual
whereas the opposite was the case fore another animal within the group.
Further, when comparing the total β-cell volume in diabetic individuals with
congenic NODH.2-b mice at 16 weeks, we could determine that overt
diabetes developed when the remaining pool of β-cells was below ~14% of
the control mice. This is well in line with what has been described for
human T1D (von Herrath and Homann, 2004) and suggests that a similar
threshold exists for the two species.
5.4.3 Spatial assessment of insulitis in the NOD mouse pancreas
The observation that peripheral smaller islets are the first to disappear
whereas larger centrally located islets are more resistant made us ask if there
are regional differences in the recruitment of infiltrating T-lymphocytes. To
address this question, we co-labelled NOD pancreata with insulin and CD3

antibodies (as a marker for infiltrating lymphocytes). This was facilitated by
modifying the commercial OPT scanner by exchanging the existing GFP+
filter to a band pass filter better suited for detection of Alexa 488 in
combination with Alexa 594, hence making it possible to visualise two
fluorescent markers in specimen on the current scale.
The resulting 3D models showed a random distribution of the infiltrating
lymphocytes with no preference to a particular region of the pancreas. CD3+
cells was detected already at 3 weeks of age and progressively increased
during the adult stages. The distribution of foci containing CD3 positive
cells became less random in later stages and did not coincide with the
preferential depletion of peripherally located smaller islets. These growing
foci resembled tertiary lymphnodes (TLOs) which have been associated
with chronic inflammation (Aloisi and Pujol-Borrell, 2006; Lee et al.,
2006). Regions containing TLO resembling structures were sectioned and
analysed which confirmed the presence of different types of lymphocytes
documented to be involved in the formation of these structures. The role for
TLOs may be to sustain the autoimmune destruction of β-cells, tipping over
the balance in favour of destruction rather than proliferative regeneration of
the β-cells. The coexistence of areas with full blown insulitis adjacent to
areas apparently unaffected by insulitis suggests that local factors may play
an important role for the homing of activated lymphocytes back to the
pancreas.
From a methodological point of view, the OPT technology is a quick and
convenient way to address the pathological processes during T1D and is

likely to facilitate the analysis of other model systems of disease. In our
study over 50 pancreata was analysed by a handful of people during a
relatively short period of time, thereby providing spatial and volumetric
information of the β-cell mass down to the individual islets.

6. Conclusions
•

Nkx6.3 is a new member of the Nkx6 family, expressed in partially
overlapping domains with other member of the Nkx6 family during
development of the gastrointestinal tract and the CNS.

•

By combined improvements in immunohistochemical protocols,
computational processing and tomographic scanning, optical
projection tomography may serve as an effective tool for 3D
imaging and quantification of specifically labelled structures within
the intact adult mouse pancreas.

•

Optical projection tomography generated data sets may serve as
templates for isolation and analyses of user defined regions of
interest throughout the volume of the pancreas, thereby allowing for
combined global and high resolution regional assessments of the
pancreatic constitution.

•

As assessed by quantitative 3D imaging, the insulitis-induced
destruction of β-cells in murine Type 1 diabetes does not have a
spatial or temporal preference with regards to the splenic or
duodenal pancreas. It is further characterised by the initial
destruction of smaller peripheral islets, an apparent resistance of
larger islets to the autoimmune attack and by the formation of
structures resembling tertiary lymphoid organs.
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