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Abstract

Studies in humans have shown that 1 in 1800 infants are born with limb deficiencies

and that 9% of these also suffers from renal abnormalities. Classification of these

limb abnormalities revealed that the renal defects commonly associate with limb
deficiencies such as micromelia (44%), amelia (18%) and radial/tibial (preaxial)
deficiencies (27%). Additionally, experimental evidence has shown that the
mesonephros, an important component of the primitive urogenital system, also could
be responsible for inducing and maintaining limb development. These observations
imply the existence of a developmental link between limb induction and early kidney
development. However, this remains controversial since other experiments show that
the mesonephros is not required for limb development. The work described in this
thesis was prompted by the observation, that the mouse mutants dominant hemimelia
(Dh) and luxate (Ix) disrupt both limb induction and kidney development.
Furthermore, both mutants display preaxial abnormalities such as Polydactyly,
oligodactyly and tibial hemimelia of the hindlimbs. In addition Dh also causes

asplenia, microgastria, small pancreas, gut atresia.

The studies presented here show that the hindlimbs in Dh animals are shifted 2-3
segments anteriorly coinciding with a lumbar-sacral transformation of the axial
skeleton. In situ hybridisation shows that the anterior boundary ofHoxclO in the
flank mesenchyme has moved anteriorly in Dh embryos while the expression of
HoxalO and HoxdlO appear to be unaffected. The spinal nerves innervating the
hindlimbs also respond to the shift of the limbs. Analysis of the urogenital phenotype
shows that the effect Dh has on the kidney abnormalities is indirect. It appears that
the hydronephrosis observed in Dh mice is caused by blockage of the ureter,
however, it is possible that this blockage is related to misexpression to HoxclO.

Efforts were therefore made to determine if other traits related to the Dh mutation

was caused by ectopic HoxclO expression, however, this does not appear to be the
case. Nevertheless these studies led to the identification of a novel anatomical

structure, the splanchnic mesothelial ridge (SMR). The SMR consists of a thickened
mesothelium on the left side of the spleno-pancreatic region, which is required for
asymmetric growth. In Dh mice the SMR is absent and as a result the spleno-
pancreatic region asymmetric growth is impaired. The asplenic phenotype is also
related to the absence of the SMR.
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Chapter 1: Introduction

1.1 Scientific aims

It is generally accepted that the molecular mechanisms underlying organogenesis are

very specific and highly conserved through evolution. For this reason a lot can be
learned about the genetic cues required for correct development by studying
situations in which a particular pathway has been disrupted. The project described in
this thesis is concerned with the abnormalities inflicted by the mouse mutation
dominant hemimelia (Dh). During embryogenesis Dh disrupts the molecular
programmes required for proper development ofmany organs and as a result these
organs undergoes abnormal development.

One aspect of the Dh mutation is that it affects the anterior mesenchyme of the
hindlimbs and as a result mice carrying the mutation display preaxial Polydactyly or
oligodactyly. Previous studies have shown that the anterior mesenchyme is abnormal
throughout limb development in mutant animals, suggesting that Dh affects induction
of the hindlimbs. However, the Dh mutation also affects kidney development and
there is evidence that early stages of kidney development are associated with limb
induction. The aim of this project was therefore to investigate if the early limb
defects observed in Dh mice are associated with abnormalities in the developing
urogenital system.

Data obtained during the course of the project suggested that both limb and kidney
defects might be due to misexpression of the HoxclO gene. To see if other
abnormalities observed in Dh could be attributed ectopic expression ofHoxclO the
phenotypic analysis was extended to other organs affected by the Dh mutation. These
results showed that the effects Dh has on the stomach, spleen and pancreas are

unrelated to HoxclO expression. Nevertheless they do provide new insights into the
development of these organs.
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1.2 The dominant hemimelia (Dh) mutation

The dominant hemimelia mutation {Dh) belongs to the luxoid-polydactylous group of
mouse mutations. Characterised by a twisting of the fore and hindlimbs associated
with reduction or loss of certain long bones as well as oligodactyly or Polydactyly.
Other members of this group include luxoid (/«), luxate (Ix), extra toes (Xt),
Sasquatch (Ssq), hemimelic extra toes (Hx) and Strong's luxoid (1st).

Dh arose spontaneously in a crossbred stock carrying a translocation at the
Institute ofAnimal Genetics in Edinburgh. It was discovered in 1954 by T. C. Carter
and described by Searle in 1964. The following description of how the mutation was

discovered is taken from Searle, 1964.

Dh was discovered in 1954 by Dr T. C. Carter at the Institute ofAnimal
Genetics, Edinburgh. The original male was at first thought to be
heterozygous for Ix. However, some outcross offspring lacked the hallux
and had tibial hemimelia with luxation of the hindlegs. Since such severe
abnormalities are unknown in lx/+ mice it was realised that this must be
a new luxoid mutation which was named dominant hemimelia (Dh) by
Dr Carter.

Phenotypic characteristics
The limb abnormalities in Dh are confined to the hindlimbs. Heterozygotes show
preaxial Polydactyly or oligodactyly, tibial hemimelia and sometimes absence of the
tibia. Homozygotes always display oligodactyly with loss of up to three digits and
complete absence of the tibia (Searle, 1964). The effect Dh has on hindlimb
development can be traced to the time of induction where the mutation affects the
anterior mesenchyme of the limb bud (Hecksher-Sorensen, 1998; Lettice et al.,
1999a). It has also been reported that Dh homozygotes show abnormal cell death in
the forelimbs but without affecting the limb phenotype (Rooze, 1977). Other
abnormalities in Dh animals include reduction in the number of ribs, sternebrae and

presacral vertebrae and the stomach is smaller. These defects are present in both
heterozygotes and homozygotes but tends to be more severe in homozygous animals
which also display urogenital abnormalities (Holmes and Barton, 1993; Suto et al.,
1996; Morin et al., 1999). Additionally, all Dh animals are asplenic. However, it
appears that the effect Dh has on spleen development is non cell-autonomous. Thus
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chimeric mice consisting of >90% Dh/Dh cells are capable of forming a rudimentary
spleen (Suto et al., 1995). Only heterozygous animals reproduce, since homozygotes
usually die at birth. Dh/+ mice display enlarged lymph nodes and elevated levels of
lymphocytes, granulocytes and thrombocytes, presumably due to the lack of a
functional spleen (Machado and Lozzio, 1976). Also the absent spleen significantly
lowers the number of Mast cells in the lymph nodes (Wlodarski et al., 1982) and
reduces the rate of T-cell maturation (Fletcher et al., 1977). The earliest effects ofDh
can be traced back to embryonic day 9.5 (E9.5) where the splanchnic epithelium is
defective or absent (Green, 1967). Due to this observation it was suggested that the
pleiotropic defects in Dh arise because the defective splanchnic epithelium prevents
induction of the spleen and disrupts induction of the hindlimbs. However, as is now
known developmentally important genes are often expressed in many different
tissues during embryogenesis. Thus an alternative explanation for the pleiotropic
phenotype is that the gene disrupted by Dh, has several roles during development.

Candidate genes

The gene disrupted by the Dh mutation is unidentified, but recombination studies
have defined a critical region mapping to position 63 on mouse chromosome 1
(Holmes, 1986; Martin et al., 1990; Higgins et al., 1992; Hughes et al., 1997). At
present only two genes, Gli2 and Inhfib have been identified within the critical
region (figure 1.1).

Figure 1.1: The Dh critical region. The Dh critical
region has been mapped to mouse chromosome 1,
position 63. The critical region is estimated to be
1 Mb and at present G//2 and tnhfib are the only
genes mapping within the region.

* l ' ' ■" ! . I

Mouse Chromosome 1

Position 63

Dh critical region
~1mb

GH2 is a zinc finger transcription factor belonging to the Gli family, which also
includes GUI and Gli3. The Gli genes are mammalian homologues of the Drosophila
gene Cubitus interruptus (Ci), which acts as a mediator of Hedgehog (Hh) signalling
and as a repressor ofHh expression (Methot and Basler, 2001). This genetic
relationship is also true in mammals where the Gli genes play an important role in
regulating expression of the Hedgehog homologue Shh (reviewed in Ruiz i Altaba,
1999). However, the regulation of Shh in mammals is more complicated and it
appears that the Gli genes can act as activators ofShh expression as well as
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repressors (Sasaki et al., 1999; Ding et al., 1998). The Gli3 gene has been identified
as the gene responsible for the luxoid mutation Xt (Hui and Joyner, 1993). In Xt mice
Shh is expressed ectopically in the anterior mesenchyme of the developing limb buds
and because the Gli3 gene product is inactivated by the Xt mutation it suggests a role
for Gli3 as a repressor ofShh expression. Dh/+ mice also display ectopic expression
ofShh in the anterior mesenchyme of the hindlimbs in a manner very similar to that
observed in Xt mice (Hecksher-Sorensen, 1998; Lettice et al., 1999a). The
polydactylous phenotype in particular makes Gli2 a good candidate gene for the Dh
mutation, assuming that Gli2 also acts as a repressor ofShh in the anterior limb
mesenchyme. However, sequencing of the Gli2 gene has failed to reveal any
mutations within the gene (Hughes et al., 1997) and in situ analysis has not revealed
any dramatic changes in the expression of Gli2. Nevertheless, Gli2 can not be ruled
out as a candidate for Dh, because in humans the GLI2 gene gives rise to several
different isoforms (Tanimura et al., 1998) and it remains a possibility that the Dh
mutation is affecting a differentially spliced exon, either at the sequence level or by
interfering with splicing events.

Inh/3b is a secreted protein and belongs to the TGF(3 superfamily of signalling
molecules. Members of this family are highly conserved through evolution and
TGFp signalling is required in reproduction and numerous developmental processes
in all higher eucharyotes (reviewed in Kingsley, 1994; Massague and Chen, 2000). In
the mouse, at E12.5, Inhf3b is expressed in a number of tissues including the eye,

oesophagus, stomach endoderm, brain and spinal cord (Feijen et al., 1994). Like
other TGFP molecules Inhfib functions as a homodimer or a heterodimer and the
activity of these dimers is determined by the pairing of subunits (figure 1.2).

PA PA PA PB PB PB

Activin A Activin AB Activin B

Figure 1.2: Structure of activins and
inhibins. The subunits encoded by Inhfia
and Inhftb are required for both Acitivins and
inhibins.

pA PB

Inhibin A Inhibin B

Thus Inh/3b encodes a subunit required for both the activin and inhibin molecules,
which owe their names to the effect they have on the release of follicle stimulating
hormone (FSH). Activins (activin-(3A(3A, -(3ApB and -PBPB), which act as
activators of FSH, consists of subunits encoded by Inhfla and Inhfib whereas the
inhibins (inhibin-pAa and -PBa), which acts as inhibitors on FSH, contains a

subunit encoded by the Inha gene in combination with either Inh[3a or Inhfib. In
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Xenopus activin is a potent inducer of mesoderm formation (Smith et al., 1990).
Furthermore, disruption of activin signalling reduces the amount ofmesoderm
(Hemmati-Brivanlou and Melton, 1992) and promotes the formation of neural tissue
(Hemmati-Brivanlou et al., 1994; Hemmati-Brivanlou and Melton, 1994), suggesting
that Inhfib plays an important role in specifying germ layer identity in Xenopus.
However, in mice lacking functional Inhfib the mesoderm develops normally and the
only defect is failure to close the eyelids (Schrewe et al., 1994; Vassalli et al., 1994).
The phenotype observed in the absence of Inhfh is more severe and the mice die
within 24 hours of birth but also in this case the mesoderm develops normally
(Matzuk et al., 1995b). Furthermore, the production of double knockouts and
targeted deletion of the activin antagonist Follistatin and ActRIIc has also failed to
demonstrate any role for activin in germ layer specification in the mouse (Matzuk et

al., 1995b; Matzuk et al., 1995c; Matzuk et al., 1995a). Although the studies carried
out in mouse suggest that Inhfib has a minor role in development there are several
lines of evidence, which makes it a good candidate gene for Dh. Activin binds with
high affinity to the activin receptors encoded by ActRIIa and ActRIIb (Mathews and
Vale, 1991; Mathews et al., 1992) and mice lacking ActRIIb display several
abnormalities, including axial defects, laterality defects and reduction of the spleen
(Oh and Li, 1997), a phenotype very similar to that observed in Dh. Also since the
Dh mutation is dominant it is likely to involve misexpression and it is known from
both frogs and chick, that misexpression of activin has severe consequences on

development. In mouse, when Inh(5b is substituted into the Inhfia locus it rescues the
abnormalities observed in Inhj3a-nu\\ mice (Brown et al., 2000). However, it also
results in a number of novel phenotypes, demonstrating that minor changes in dosage
and bioactivity within the activin family affects development. Furthermore, sharing
of receptors and the recent discovery of genes such as BAMBI (Bmp and Activin
Membrane Bound Inhibitor; Onichtchouk et al., 1999) has confirmed that functional
overlap exists between members of the TGF(3 family. TGF(3 molecules are involved
in almost every aspect of development and it is therefore not difficult to envisage a

situation where misexpression of Inhfib disrupts organogenesis by interfering with
other TGF(3 signalling pathways. However, in situ analysis has failed to demonstrate
ectopic expression of Inh/3b and sequencing of the gene has not revealed any

mutations within the open reading frame.
In humans Gli2 and Inhftb also map close to each other on chromosome 2

suggesting that the chromosomal location of the genes is conserved through
evolution. However, the recently published sequence of the human genome (Lander
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et al., 2001; Venter et al., 2001) failed to identify any novel genes within the critical
region, suggesting that Gli2 and Inhfik are the only candidates for the Dh mutation.

The Genetics of Dh

Attempts to identify the gene responsible for the Dh mutation genetically have also
been carried out (Hughes et al., unpublished data). Mice heterozygous for the Dh
mutation were crossed to several different lines heterozygous for chromosomal
deletions encompassing the critical region, but the results are difficult to interpret.
Firstly, mice carrying only the deletions do not display any of the characteristics
associated with the Dh mutation demonstrating that the mutation is dominant. In
contrast, when the deletions are combined with the Dh mutation it results in an

enhanced phenotype of the hindlimbs. However, this is also the case, when Dh is
crossed to mice carrying a targeted deletion of the Gli2 suggesting that the limb
phenotype observed with the deletion is due to the loss of Gli2 (Hui, pers. com.). In
addition the Dh/Gli2 trans-heterozygous mice also display Polydactyly of the
forelimbs, a phenotype not observed in either Dh/+ or GU2/+ mutants on their own.
However, the limb phenotype in Dh is complex and genetic analysis ofDh in
combination with other limb mutants has revealed that the mutation interacts with

several mutations during limb development (Hecksher-Sorensen et al., unpublished
data). When crossed to other luxoid mutations such as Ix, Xt and Ssq to produce
compound heterozygotes it results in an enhanced limb phenotype of both fore and
hindlimbs and apart from Xt none of these mutations affects forelimb development
when heterozygous. Hence it appears that Dh affects the developing fore and
hindlimbs in a manner, which makes them more sensitive to other defects and that
could be the reason why Dh displays an enhanced phenotype in combination with
GH2 deletion. This theory is further strengthened by the fact that the visceral
abnormalities in Dh are unaffected when the Dh is crossed to the chromosomal

deletions.

Despite several attempts to determine the gene responsible the Dh mutation, it should
be stressed that no conclusive results have been obtained and at the moment both

GU2 and Inhfib are good candidates for causing the complex phenotype associated
with the Dh mutation.
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1.3 Limb development

The vertebrate limb has been assigned to many different functions during evolution.
But whether appendages are used for flying, swimming, paddling or climbing the
same molecular principles are applied during development. Because of its location,
on the outside of the developing embryo, the limb has long been a preferred system
for studying the molecular mechanisms underlying pattern formation. In recent years
tremendous progress has been made in understanding the basics of pattern formation
and many genes required in this process, have been isolated (reviewed in Tickle,
1995; Cohn and Tickle, 1996; Johnson and Tabin, 1997).

Induction of the limb buds

When members of the Fgf family are applied to the presumptive lateral flank of
chicken embryos they induce formation of ectopic limb buds which can develop into
complete limbs (Cohn et al., 1995; Ohuchi et al., 1995; Crossley et al., 1996; Vogel
et al., 1996; reviewed in Tanaka and Gann, 1995). This strongly indicates that the
endogenous signal for limb induction is mediated by members of the Fgf family.

In stages prior to limb induction, FgfS is expressed in the intermediate
mesoderm (IM) adjacent to the limb fields, and in the overlying ectoderm from
which the AER later develops (Mahmood et al., 1995; Crossley et al., 1996). Fgf10
on the other hand is expressed in the limb field mesoderm lying between the IM and
the surface ectoderm (Ohuchi et al., 1997). Initially Fgf10 is expressed in the
mesoderm throughout the lateral flank but in the stages immediately prior to limb
induction expression becomes restricted to the limb fields and it is believed that Fgf8
signalling from the IM is required to restrict the expression ofFgfl0. In absence of
Fgf10 protein Fgf8 expression fails to be induced in the presumptive AER and
although initial budding occurs subsequent limb development is completely
abolished, confirming that the Fgfl0 gene has an essential role during induction of
the limbs (Min et al., 1998; Sekine et al., 1999). The role ofFgf8 in limb
development has been more elusive because targeted deletions causes embryonic
lethality prior to limb initiation (Sun et al., 1999). Only recently conditional
inactivation ofFgf8 specifically in the AER has allowed researchers to assay the role
ofFgf8 during limb development (Moon and Capecchi, 2000; Lewandoski et al.,
2000). These experiments clearly show that FgfS has an important role during limb
development, but it remains to be proven whether FgfB signalling is required for limb
induction because the expression ofFgfS in the IM is unaffected by the conditional
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inactivation. Nevertheless, it is clear that regulation ofFgflO and Fg/8 is closely
linked and that this mutual relationship is essential for the earliest stages of limb
development. Indeed, the importance of this relationship is demonstrated in mice
lacking the Fgf receptor, FgfR2. These mice die at El 1 but they also fail to initiate
limb development (Xu et al., 1998). In situ analysis ofmutant embryos revealed that
the expression ofFg/8 in the ectoderm is completely absent while the levels ofFgflO
transcripts in the underlying mesenchyme are severely down regulated. This is strong
evidence that the feedback loop between Fgfl0 and Fg/8 is acting through the FgfR2
gene product.

Most recently it has been shown that members of the Wnt family are key
regulators of the loop between FgflO and fg/8 (Kawakami et al., 2001). Application
ofWnt2b and Wnt8c to the lateral flank of chick embryos induces ectopic limbs
through activation ofFgfl 0. A third gene Wnt3a is then required for the induction of
Fg/8 expression in the surface ectoderm. Interestingly, the expression of Wnt2b and
Wnt8c corresponds to the presumptive limb fields of the fore and hindlimbs,
respectively and has therefore been proposed that it is the activity of these genes,

which restricts the expression ofFgflO to the limb regions (figure 1.3). However, it
remains unclear whether Fgf8 signalling from the intermediate mesoderm is required
for induction of Wnt2b and Wnt8c.

SI

£
Wnt8c

C

SM IM LPM SE

fyf-y. ■Hi

□ FgflO Fgf8

Figure 1.3: Limb induction.
Modified from Kawakami et
al., 2001. VZnt2b (green) and
Wnt8c (purple) might be requi¬
red to restrict the expression
of FgflO (blue) in forelimb and
hindlimb regions respectively.
Once restricted Fgfl 0 signal¬
ling induces Fgf8 expression
(red) in the surface ectoderm
(SE) through Wnt3a. At
present it is unknown whether
Fgf8 signalling from the
intermediate mesoderm (IM) is
required for the induction of
Wnt2b and Wnt8c expression.
(LPM) lateral plate mesoderm
and (SM) somites.

Hox genes specify the positions of the limbs
Although members of the Fgf and Wnt families have the ability to induce ectopic
limbs throughout the potential limb region, vertebrates only have four appendages,
which develop in pairs opposite each other with respect to the midline. Recent
studies have demonstrated that a Wnt mediated feed back loop between Fgfl 0 and

WntZb

Wnt8c
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Fg/8 is required for induction of the limbs (Kawakami et al., 2001). Hence the
anterior posterior positions of the limbs are determined by the expression boundaries
of Wnt2c and Wnt8b, but what factors positions the expression of the Wnt genes?

The Hox genes are grouped in four paralogous clusters Hoxa, Hoxb, Hoxc and
Hoxd, each consisting of several genes numbered 1-13 (figure 1.4; reviewed in Gruss
andKessel, 1991; Krumlauf, 1994).

Expression Genomic organisation

1 2 3 4 5 6 7 8 9 10 11 12 13

a n—n—n—n—n—eh—n o—H—h 1

■■■■■■

Figure 1.4: Expression and genomic organisation of the Hox genes. The Hox genes are grouped into four clusters a
(blue), b (red), c (green) and d (cyan). Each cluster contain genes numbered from 1 to 13, the lowest being positioned at
the 3' end. During development the Hox genes are expressed in a collinear manner, which preserves the genomic
localisation. Thus genes located at the 3' end of the cluster are expressed more anteriorly while genes at the 5' end are
expressed more posteriorly. This expression provides a so-called Hox code that specifies segmental identity along the
anterior-posterior axis. The expression pattern for the Hoxb genes are illustrated as bars next to the embryo; the light
red represent 3' genes and dark red represents 5' genes.

Genes positioned at the 3' of each cluster (lowest numbers) are expressed earlier and
more anteriorly than genes at the 5' end. This expression pattern provides a so called
Hox code which specifies segmental identity along the anterior-posterior axis of the
developing embryo. In recent years genetic alterations changing the expression
patterns of individual Hox genes through targeted deletions or misexpression have
provided substantial evidence that the Hox code is required for segmental identity
(Kessel and Gruss, 1991; Small and Potter, 1993; Charite et al., 1994; Suemori and

Noguchi, 2000). However, an interesting aspect of the axial specification mediated
by Hox genes is the segmental variation between different species of vertebrates. In
mouse the transition between cervical and thoracic vertebrae is between vertebrae 7

and 8, in chick it is between vertebrae 13 and 14 (figure 1.5).
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Figure 1.5: Alignment of chicken and mouse vertebrae. The Hox genes specifying segmental identity in the two
species are conserved despite the different numbers of vertebras. The boundary between Hox-9 and Hox-10 paralogous
signifies the thoracic-lumbar transition. The boundary between Hox-5 and Hox-6 paralogous determines the cervical-
thoracic boundary and correlates with the position of the forelimb. (Modified from Burke et al., 1995).

In both species, the boundary between the Hox5 paralogues and Hox6 paralogues
defines the transition between cervical and thoracic vertebrae (Burke et al., 1995).
Similarly the transition between thoracic and lumbar vertebrae is defined by the
boundary between the Hox9 and Hox10 paralogues. These results indicate, that
although the limbs arise from different somite levels in different vertebrates, their
position are always consistent with respect to the level ofHox gene expression along
the anterior-posterior axis. In fish, amphibians, birds and mammals, the forelimb
buds are induced at the anterior boundary ofHoxc6 expression, the position of the
first thoracic vertebrae (Burke et al., 1995; Molven et al., 1995). In mice where both
alleles of the Hoxb5 gene has been deleted, the position of the forelimb is shifted
anteriorly (Rancourt et al., 1995). This is strong evidence that Hox genes play an

important role in positioning the limbs and could be responsible for activation of Wnt
and Fgfexpression in the anterior and posterior regions of the potential limb field.

It is clear that the Hox code play an important role in determining the anterior-
posterior position of the limbs. However, when beads soaked in Fgf are grafted to the
lateral flank of chicken embryos it results in respecification of the Hox code in the
flank mesoderm (Cohn et al., 1997). Hence it appears that the Hox code, despite its
significant importance in determining segmental identity, also display some plasticity
which allows the developing limb buds to shift the relative boundaries ofHox gene

expression in the flank mesoderm. But, at present the purpose of this plasticity has
not been determined.
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Setting up the Hox code
In Drosophila the polycomb group and the trithorax group genes are required to
maintain expression of the homeotic genes (reviewed in Orlando and Paro, 1995).
Several murine homologues of these genes have been isolated and in accordance
with their role in Drosophila, patterning of the axial skeleton is disrupted when they
are mutated (Yu et al., 1995; Alkema et ah, 1995; Akasaka et ah, 2001). However, as
in Drosophila it is thought that the polycomb genes only are required to maintain the
expression boundaries of the Hox genes, not to establish the initial Hox code.

Members of the Cdx gene family also have a role in regulating the expression
ofHox genes and mice carrying homozygous deletion of Cdxl and Cdx2 display
homeotic transformations of the axial skeleton and altered expression ofHox genes

(Subramanian et ah, 1995; Chawengsaksophak et ah, 1997). Additionally, the Cdx
genes are expressed in overlapping domains in the primitive streak region (Meyer
and Gruss, 1993; Gamer and Wright, 1993; Beck et ah, 1995), which means that the
spatial and temporal expression of the Cdx genes is consistent with a role in
specifying Hox gene expression boundaries. When teratogenic doses of retinoic acid
(RA) are administered to pregnant mice it induces severe homeotic transformations
and respecification of the Hox code (Kessel and Gruss, 1991) as does genetic
inactivation ofRA receptors, in particular the RARygene (Lohnes et ah, 1993).
However, it has recently been demonstrated that the effect ofRA on Hox gene

expression is mediated through the Cdx genes (Houle et ah, 2000). Hence there are

several lines of evidence implicating the Cdx genes as key-regulators in setting up

the expression boundaries of the Hox genes.

Recent studies have shown that members of the TGF(3 superfamily might be
involved in patterning of the axial skeleton. Thus mice carrying targeted deletions of
the Bmpl 1 gene display axial abnormalities (McPherron et ah, 1999). Similar
abnormalities were observed in ActRIIb-/- mice (Oh and Li, 1997) and it has
therefore been proposed that Bmpl 1 is signalling through the Activinllb receptor. At
present Bmpl 1 is the only secreted molecule to affect axial patterning and it remains
to be shown if it is acting through the Cdx genes. Nevertheless it is an indication that
secreted molecules might play an important role in establishing the expression
boundaries of the Hox genes.

Patterning of the limb buds
The vertebrate limb develops along three distinct axes proximal-distal, dorsal-ventral
and anterior-posterior (figure 1.6a). Grafting experiments in chicken has identified
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three regions in the early limb bud, important for correct limb development, the
Apical Ectodermal Ridge (AER), the Progress Zone (PZ) and the Zone of Polarising
Activity (ZPA; figure 1,6b). The AER is a rim of epithelial cells, located at the
dorsal-ventral boundary at the distal end of the limb bud. Interactions between the
AER and the underlying PZ are required for elongation of the developing limb. The
mesenchymal cells in the PZ are undifferentiated and proliferate rapidly. If the AER
is removed, proliferation in the PZ stops and the cells start to differentiate, resulting
in truncation of the manipulated limb (Saunders, 1948; Iten, 1982; Rowe et al., 1982)
and as a result the expression of several genes in the PZ is lost.

Figure 1.6: Vertebrate limb development. Illustration of the three main axes in the developing limb: proximal-distal,
dorsal-ventral and anterior-posterior (A). Important structures in the vertebrate limb bud. The AER is positioned at the
dorsal-ventral border at the distal tip of the limb. The PZ is the mesenchyme directly underlying the AER. The ZPA is
located in the posterior part of the limb (B). When tissue from the ZPA is grafted to an anterior position in a host limb
bud, it reorganises anterior-posterior polarity and induces mirror image duplications. In control experiments where
anterior tissue is grafted to an anterior position, wing development occurs normally (C).

It has been shown that most properties of the AER are conveyed by members of the
Fgf family, and several Fgf s are capable of rescuing both gene expression and
outgrowth, in limb buds where the AER has been removed (Niswander et ah, 1993;
Vogel and Tickle, 1993; Crossley et al., 1996; Ohuchi et al., 1997). An important
function ofFgf signalling from the AER is therefore to stimulate proliferation in the
underlying mesenchyme and to maintain the undifferentiated state of the PZ. FgfS
and Fgf4 are both expressed in the AER (Niswander and Martin, 1992; Ohuchi et al.,
1994; Crossley and Martin, 1995; Mahmood et al., 1995) and are believed to be the
endogenous mediators ofAER function. Recent experiments in mouse have
demonstrated that FgfS is the major regulator of limb growth. Hence conditional
inactivation ofFgfS expression in the limb results in truncation and abnormal
patterning of the limb (Moon and Capecchi, 2000; Lewandoski et al., 2000) while
similar experiments with Fgf4 has no effect on limb development (Moon et al., 2000;
Sun et al., 2000). Interestingly, inactivation ofFgfS immediately leads to an up-

regulation ofFgf4 expression, which presumably rescues limb development to some

extent and demonstrates the functional redundancy between the two genes.
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Anterior-posterior asymmetry in the limb
When posterior limb bud tissue is grafted to an anterior location in a host limb bud,
the number of digits in the resulting limb is increased. Moreover, the duplicated
digits resemble a mirror image of the normal digit pattern (figure 1,6c; Saunders and
Gasseling, 1968; Tickle et al., 1975). Because of its ability to reorganise anterior-
posterior polarity of the limb bud, this region has been termed Zone of Polarising
Activity (ZPA). On basis of ZPA grafts, it was proposed, that cells in the ZPA
secrete a morphogen which specifies the identity of cells along the anterior-posterior
limb axis (Wolpert, 1969).

Expression of Shh colocalises with ZPA activity in the chicken limb and
application of Shh protein or grafting ofShh expressing cells to anterior limb bud
tissue induce mirror image duplication identical to those produced by ZPA grafting
(Riddle et ah, 1993; Chang et ah, 1994). Also, Shh expression is activated following
application of Retinoic acid, an agent known to induce ZPA activity, when applied to
anterior limb mesenchyme (Riddle et ah, 1993). The properties and expression
pattern of Shh immediately made it a good candidate for being the morphogen
produced by the ZPA. However, it has recently been shown that the Shh signal is
very short-ranged (Yang et ah, 1997). A membrane anchored Shh molecule was

engineered by fusing the functional domain of Shh to a membrane protein. When
cells expressing this chimeric protein were grafted to anterior limb bud tissue they
induced mirror image duplications similar to those induced by cells expressing
normal Shh. Additionally it has been demonstrated that application of Shh does not
induce Shh expression in host cells. Mirror image duplications induced by ZPA
grafts or application of Shh are dose dependent i.e. the number of ectopic digits
depends on the number of grafted cells (Tickle, 1981; Yang et ah, 1997). If the Shh
signal does not directly specify anterior-posterior cell identity, there must be other
downstream signals, which are activated by Shh in a dose dependent fashion.
Members of the bone morphogenetic protein (BMP) family are good candidates as

mediators of the Shh signal, and their response to Shh application has recently been
shown to be dose dependent (Yang et ah, 1997).

Members of the TGFfJ superfamily Bmp2, Bmp4 and Bmp7 are all expressed in
the AER and mesenchyme during limb development (Lyons et ah, 1990; Jones et ah,
1991; Lyons et ah, 1995; reviewed in Hogan, 1996), but Bmp2 in particular has been
associated with a role in pattern formation. In chicken wing buds Bmp2 is expressed
in a broader domain than Shh in posterior mesenchyme (Francis et ah, 1994) and can

be induced ectopically by application of Shh (Laufer et ah, 1994). Additionally
application ofBMP2 expressing cells results in duplication of one digit and
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activation ofHoxd-11 and Hoxd-13 in the anterior mesenchyme and Fgf4 expression
in the AER. However, no Shh expression was detected suggesting that Bmp2 have
weak polarising activity and acts downstream of Shh (Duprez et al., 1996).

Establishing anterior-posterior asymmetry in the limb
There is evidence that the Hox genes also determine anterior-posterior identity within
the limb. In particular Hoxb8 has been implicated with positioning the ZPA in the
forelimb. In the lateral flank and neural tube the anterior boundary ofHoxb8
expression correlates to the ZPA region in the forelimb. In mice where the boundary
ofHoxb8 is shifted anteriorly so it covers the entire forelimb, an ectopic ZPA forms
at the anterior border resulting in mirror image duplications (Charite et al., 1994).
RA plays an important role in setting up the anterior-posterior Hox code along the
body axis (Kessel and Grass, 1991). When beads soaked in RA are grafted to
anterior limb bud tissue it induces ectopic ZPA activity, but also it activates Hoxb8
expression (Lu et al., 1997). RA induces Hoxb8 expression directly, without protein
synthesis, suggesting that the ability ofRA to induce Shh expression is mediated by
Hoxb8. These results provide strong evidence that Hoxb8 is required for positioning
of the ZPA in the forelimb. Also they demonstrate that the axial expression ofHox
genes might play an important role in patterning the developing limbs. Thus other
Hox genes might be required for activating expression of ZPA repressors such as

Alx4 and GH3 in the anterior part of the developing limb (Masuya et al., 1995; Qu et

al., 1997; Qu et al., 1998; Takahashi et al., 1998).
Hox genes are also required for correct patterning of the limb later in

development. Genes located 5' in the Hoxd cluster, Hoxd9 through Hoxdl3 are

initially expressed in nested domains, centred around the ZPA (Dolle et al., 1989;
Nelson et al., 1996; reviewed in Izpisua-Belmonte and Duboule, 1992). The region
closest to the ZPA expresses all five Hoxd genes, but as the distance from the ZPA is
increased the number of genes expressed is reduced. When ZPA tissue or Shh is
applied to anterior limb bud tissue, it results in a mirror image duplication of the
entire Hoxd expression domain (Izpisua-Belmonte et al., 1991; Nohno et al., 1991;
Riddle et al., 1993). Similarly ectopic Hox expression in the anterior mesenchyme is
induced in several polydactylous mutants (Masuya et al., 1995; Qu et al., 1997;
Hecksher-Sorensen, 1998; Lettice et al., 1999a; Sharpe et al., 1999). It therefore
appears that the Hoxd genes respond to Shh signalling. However, the opposite has
also been shown and misexpression ofHoxdl2 in the developing limb bud results in
Polydactyly and tibial hemimelia (Knezevic et al., 1997).
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Fore and hindlimb identity
Tbx5 and Tbx4 are expressed in the forelimb and hindlimb respectively and they are

required for determining limb identity (Ohuchi et al., 1998; Isaac et ah, 1998;
Gibson-Brown et ah, 1998; Rodriguez-Esteban et ah, 1999). When ectopic limbs are

induced in the lateral flank of chick embryos they express both Tbx5 and Tbx4 and
when allowed to develop it results in a chimeric limb displaying both wing and leg
identity (Ohuchi et ah, 1998; Isaac et ah, 1998). The expression of other genes such
as the Hoxc9, HoxclO, Hoxcll and Pitxl are restricted to the hindlimbs (Nelson et

ah, 1996; Szeto et ah, 1996; Lamonerie et ah, 1996). Misexpression ofPitxl in the
developing forelimb induces the expression of other hindlimb specific genes such as

Tbx4, HoxclO and Hoxcll suggesting that Pitxl is acting early in the pathway
determining hindlimb identity (Logan et ah, 1999). At present it is unclear what
factors that are responsible for activating differential gene expression between fore
and hindlimb buds, but with the recent finding that Wnt2b and Wnt8c are expressed
in the fore and hindlimb region (Kawakami et ah, 2001) it will be interesting to see if
they have a role in this process. However, since the Hox code is thought to position
Wnt expression along the anterior-posterior axis, it is presumably also involved in
determining fore and hindlimb identity, albeit directly or indirectly.

Innervation of the limbs

Evolutionary studies ofHox gene expression have shown that transposition in the
axial skeleton are reflected by corresponding changes in the expression ofHox genes

in the paraxial mesoderm (Burke et ah, 1995). Likewise it has been demonstrated
that the segmental arrangement in the spinal nerves also can be correlated with shifts
in the expression domains ofHox genes (Gaunt et ah, 1999). Hence the expression of
Hoxa7, in both mouse and chick corresponds to the position of brachial plexus
although in chick this landmark is shifted seven segments posteriorly relative to
mouse. The vertebrate limb is partly derived from somites (musculature), from lateral
plate mesoderm (skeletal elements) and from the neural tube (nerves). Also, it is
known that the regulation ofHox gene expression in the lateral plate mesoderm is
independent of that in the somites and neural tube. So for transposition of the limbs
to occur, a coordinated shift in Hox gene expression must take place in both the
lateral plate mesoderm and in the neural tube. However, recent experiments suggest
that the limb itself is responsible for coordinating the surrounding tissue.

Grafting experiments in chicken has revealed that ectopically induced limb are

innervated correctly (Ohuchi and Noji, 1999). Additionally it appears that ectopic
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limbs signal to the lateral flank and respecify the identity of the mesoderm and as a

result the expression ofHox9 paralogues is altered following implantation ofFgf
soaked beads (Cohn et al., 1997). Because ectopic limbs do not affect Hox
expression in the neural tube these results suggest that nerve innervation of the limbs
is coordinated by the limbs themselves. When dorsal somitic tissue transplanted
between different axial levels it retains original Hox expression. In contrast, the
ventral somitic tissue contains cells which migrate into the lateral mesoderm of the
host and adopt the Hox expression corresponding to the lateral plate and participate
in the morphology appropriate to the host level (Nowicki and Burke, 2000). In
another experiment it was shown that ectopic expression ofHoxc6 in the lateral flank
mesoderm has severe effects on nerve migration (Burke and Tabin, 1996). Hence it
appears that the lateral mesoderm not only has the capacity to instruct entering cells
to change their identity, it is also required to ensure proper migration of the
peripheral nervous system. Furthermore it seems like Hox genes play an important
role in the process. A possible scenario is therefore that the induction of an ectopic
limb respecifies the identity and Hox profile of the lateral flank mesoderm, which
then in turn signals to the migrating nerves instructing them to innervate the limb. In
mice that are double homozygous for deletions in HoxalO and HoxdlO the nerves

innervating the hindlimbs are defective and as a result both the tibial and proneal
nerves are truncated (Wahba et al., 2001). It is unclear whether this defect is due to
lack ofHoxalO and HoxdlO protein in the nerve cells or in surrounding mesoderm.
Nevertheless this observation confirms that HoxalO and HoxdlO play an important
role in ensuring proper innervation of the hindlimbs.

Human applications
Limb abnormalities similar to those observed in Dh also occur in humans and tibial

hemimelia affects approximately 1 in 15,000 humans (table 1.1). An extensive
investigation carried out in Hungary showed, that 1 in 1800 infants are born with
limb deficiencies and that 9% of these also suffer from renal abnormalities (Evans et

al., 1992). Classification of the limb defects has revealed that the renal defects most

commonly associate with limb defects such as micromelia (44.4%), amelia (17.6%)
and radial/tibial deficiencies (27.4%).

In Dh and Ix mice tibial hemimelia also associates with abnormalities in the

renal system. This strong correlation between limb and kidney abnormalities evokes
an old debate proposing that the mesonephros is required for limb induction. The
mesonephros is an important component of the urogenital system and following
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surgical removal, limb development is severely impaired suggesting that the
mesonephros could be responsible for inducing and maintaining limb development
(Geduspan and Solursh, 1992). The presence ofFg/8 expression in the intermediate
mesoderm/mesonephros in the limb

Table 1.1: Tibial hemimelia in humans

Association between limb defects and kidney abnormalities

Amelia 17 3 17.6%

Rudimentary limb 9 4 44.4%

Terminal transverse 240 5 2.1%

Rradial/tibial 113 31 27.4%

Ulnar/fibular 127 2 1.6%

Intercalary 38 6 15.8%

Central axis 94 8 8.5%

Digital amputations 163 1 0.6%

Other (not classified as above) 10 3 30.0%

Mixed 28 9 32.1%

Unclassified 29 3 10.3%

Total 868 75 8.6%

Number of Cases also

Type oflimb defect individuals with limb suffering from Percentage Tibial hemimeiia in humans
abnormalities urinary defects

Preaxial (similar to Dh)
Postaxial

regions has further strengthened this argument (Crossley et al., 1996). However, this
remains controversial since recent experiments suggest that the mesonephros is not
required for limb development. In these experiments the mesonephros was removed
prior to limb induction by apoptotic ablation and still the limbs developed normally
(Fernandez-Teran et al., 1997). Despite the controversy, the mesoderm contributing
to early limb development is positioned adjacent to the mesonephros. Hence
abnormalities in this mesenchyme might affect the development of both the limb and
the kidney.
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1.4 Development of the spleno-pancreatic region

The spleno-pancreatic region comprises the pancreas, duodenum and the posterior
part of the stomach, which are derived from the endoderm and the spleen that is
derived from the mesoderm (figure 1.7). In adult life these organs are easily
distinguished from each other and their physiological functions are very different and
highly specialised. However, during embryogenesis the development of all four
organs is closely linked to each other.

Endoderm

Dorsal aorta

Ventral Pancreas

Stomach

Pancreas

Dorsal Pancreas

Heart

Spleen

Stomach

Figure 1.7: The spleno-pancreatic region. The spleno-pancreatic region develops from
the endoderm (yellow) and at E10.5 it consists of the dorsal and ventral pancreatic buds,
the stomach, the duodenum and the presumptive splenic mesenchyme.

Left-right asymmetry is determined genetically
During early stages of development the spleno-pancreatic region is positioned
between the forelimb buds in alignment with the embryonic midline. Later in
embryogenesis the region undergoes asymmetric development and as a result the
stomach, spleen and pancreas end up in an asymmetric position at the left side of the
visceral cavity. However, asymmetric development along the left-right axis is not
restricted to the spleno-pancreatic region. Other organs such as the heart, liver, lungs
and the loops of the gut tube also develop asymmetrically within the embryo and the
position of each organ within the embryo is always the same. In recent years there
has been a tremendous increase in our understanding of how these left-right
differences are determined in vertebrates (reviewed in Harvey, 1998; Capdevila et

al., 2000; Capdevila and Belmonte, 2000). As a result several genes have been found
to perturb left-right asymmetry when mutated while other genes are expressed in an
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asymmetric manner prior to any morphological differences. There are still many
questions, which need to be answered, however, it is clear that the left right
asymmetry is determined genetically.

The normal disposition of the visceral organs is called situs solitus whereas
situs inversus refers to the complete reversal of organ positioning (figure 1.8). Other
lateral abnormalities include right and left isomerism, also called asplenia syndrome
and polysplenia syndrome respectively, where the characteristics of one side have
been duplicated along the midline, resulting in loss of asymmetry. Heterotaxia refers
to situations where both normal and inverted morphology of asymmetric organs is
observed within the same individual. Whereas situs inversus has little or no effect on

the survival of the individual, isomerism and heterotaxia are often associated with
severe visceral defects. Particularly the heart appears to be sensitive to alterations in
left-right development (Bowers et al., 1996; Yost, 1998).

RIGHT ) I LEFT

Lungs C Heart

Liver Stomach Spleen

SITUS SOLITUS RIGHT ISOMERISM

C D

Figure 1.8: Asymmetric disposition of visceral organs in humans. The
normal disposition of organs in humans is called Situs Solitus (A). The right lung
has three lobes, whereas the left lung has two. In addition the apex of the heart
points to the left side, the liver is on the right side and the stomach, spleen and
pancreas (not shown) are on the left side. Right isomerism, also called asplenia
syndrome, the heart and the lungs are double right. The liver and stomach are
located at the midline and the spleen is absent (B). Left isomerism, also called
polysplenia syndrome, the heart and lungs are double left. The liver and the
stomach are usually found at the midline and there is always more than one
spleen (C). Situs inversus refers to the complete mirror image reversal of
asymmetry (D). Since laterality defects are highly variable, this figure depict
simplified cases. The terms situs inversus, left and right isomerism can also be
used to describe laterality defects for individual organs, although this is usually
referred to as heterotaxia. (Modified from Capdevila et al., 2000).

LEFT ISOMERISM SITUS INVERSUS

Establishing left-right asymmetry
During gastrulation the node progress from the rostral end of the developing embryo
towards the caudal end and in this process it defines the anterior posterior axis. At
the same time the node also signals to the lateral mesoderm and activates the
molecular pathway for left-right determination. Asymmetric gene expression in the
lateral plate mesoderm anterior to the node therefore represents the first visible
evidence of left-right differences (figure 1.9). In recent years many genes have been
identified which are expressed in an asymmetric manner, but the interpretation of
gene function has been complicated by the fact, that left-right determination varies
between species (reviewed in Yost, 1999). Thus several genes, found to be
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asymmetrically expressed in chicken, are expressed symmetrically in mouse. This
was surprising because in other organs, such as the limb, the basic mechanisms for
pattern formation have turned out to be highly conserved between species. However,
there are also similarities in the left-right pathway between chick and mouse and it
has been possible to establish a hierarchy of the events, which eventually leads to
asymmetric disposition of the visceral organs.

Before gastrulation the developing embryo is symmetric. The biggest challenge in
unravelling the mechanism for left-right asymmetry has therefore been to determine
how the initial symmetry breaks down. Although, the identification of
asymmetrically expressed genes indicated that the node was involved in establishing
asymmetry they did not answer how. A clue to this enigma came from the
observation that males suffering from the condition immotile cilia syndrome (ICS)
often showed combined sterility and lateral abnormalities (Afzelius, 1995). Cilia are

a flexible prolongation of the cell membrane, present in specialised cell types such as

sperm and some epithelial cells. In ICS patients the cilia are immotile and that affects
several cell types including sperm cells which are live but immobile (Afzelius, 1976;
Afzelius, 1995). Using electron microscopy, studies in mouse revealed that cells in
the node are mono-ciliated which means they have a single motile cilia located in
central position in the cell surface (Sulik et al., 1994). In a series of elegant studies,
using fluorescent particles, it was demonstrated that the motion of cilia in node
creates a so-called "nodal flow" towards the left (Nonaka et al., 1998). A model has
therefore been proposed, which suggest that the vortical movement of the cilia results
in a leftward flow of embryonic fluids in the node (figure 1.10). A yet unidentified
signalling molecule, secreted into the nodal fluids, will drift towards the left side and
activate the left determining pathway (reviewed in Vogan and Tabin, 1999; Supp et
al., 2000). In accordance with the model, several mouse mutations causing laterality
defects, have absent or immotile cilia and display randomised nodal flow, followed
by ectopic expression of asymmetric genes (Nonaka et al., 1998; Okada et al., 1999;

LMP Figure 1.9: Establishing left-right asymmetry.
During gastrulation the node progress from anterior to
posterior. As it moves it signals to the lateral plate
mesoderm (LPM) and indices left specific gene
expression (blue). This figure illustrates asymmetric
gene expression in a chicken embryo.

Node

Time
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Takeda et al., 1999). Furthermore, the genes affected by these mutations Kif2a,
Kif3b, Lrd and Polaris all encodes structural molecules required for cilia assembly
(Marszalek et al., 1999; Takeda et al., 1999; Nonaka et al., 1998; Supp et al., 1997;
Supp et al., 1999; Taulman et al., 2001).

Mono-ciliated cells

bj Epithelial cells

Figure 1.10: The nodal-flow activates
asymmetric gene expression. In mouse, cells
in the node are monociliated and movement of
the cilia creates a leftward flow across the node.
As signalling molecules (red) in the node fluids
are concentrated on the left side of the node.
Here they bind to receptors (pink) and activate
the transcription of a left determining gene
(blue). When secreted, the left determining gene
activates the left specific signalling cascade in
the lateral plate mesoderm.

Left determining signal

Mice carrying homozygous copies of the inv (inversion ofembryo turning) mutation
consistently display complete situs inversus (Yokoyama et al., 1993). However, in
contrast to the other laterality mutants, the nodal flow appears to be normal in inv
mice (Okada et al., 1999). This observation is incompatible with the idea that the
nodal flow is the sole requirement for establishing left-right asymmetry and has
therefore sparked a debate as to whether other factors are required or if other
pathways are acting in parallel. Also is has been suggested that inv is acting
downstream of initial left-right specification. Unfortunately, the molecular nature of
the inv gene product, a novel cytoplasmic protein called inversin (Mochizuki et al.,
1998; Morgan et al., 1998) offers little insight into its function. At present too little is
known about the function of the inv mutation to suggest a precise role in left-right
determination. Another, less convincing argument against the nodal flow model is
that the presence ofmono-ciliated cells in the node have not been reported in species
other than mouse.
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A genetic pathway for left-right asymmetry
In chicken embryos the first genes to be activated in an asymmetric manner is the
TGFj3 molecule Inhfib, which is expressed on the right side of the node (Levin et al.,
1997). The evidence for Inhfib having an important role in defining left-right
asymmetry in chick was further strengthened by demonstrating that obstruction of
activin signalling with Follistatin soaked beads disrupts left-right determination.
Activation of asymmetric activin signalling induces the expression of its own
receptor ActRlIa and FgfS on the right side (Levin et al., 1995; Stern et al., 1995;
Boettger et al., 1999), while restricting the otherwise symmetric expression ofShh to
the left side (Levin et al., 1995; Pagan-Westphal and Tabin, 1998). On the left side of
the node Shh signalling initiates a signalling cascade that, mediated by the Cerberus-
related gene Caronte (Rodriguez Esteban et al., 1999; Yokouchi et al., 1999; Zhu et

al., 1999), leads to the activation of nodal expression in the lateral plate mesoderm.
Caronte belongs to the Cerberus/Dan family and it is believed that these genes

function by binding to ligands of the TGF(3 family in particular Bmp signalling
molecules, thus preventing them from binding to their receptors (Hsu et al., 1998). It
therefore appears that activation of nodal by Caronte is mediated by antagonism of
Bmp signalling. In concordance with this idea other inhibitors ofBmp signalling,
such as Noggin, are also capable of inducing nodal expression when applied to the
right lateral plate mesoderm (Yokouchi et al., 1999). An interesting aspect of nodal
is that is shows asymmetric expression in all vertebrate animals examined so far
(Levin et al., 1995; Collignon et al., 1996; Lowe et al., 1996; Levin et al., 1997; Lohr
et al., 1997; Sampath et al., 1997; Rebagliati et al., 1998). Moreover, misexpression
of nodal on the right side of the embryo is enough to randomise situs determination
in multiple organ systems (Levin et al., 1997; Sampath et al., 1997), suggesting that
nodal has a central role in coordinating left-right asymmetry in vertebrates. Members
of the lefty family also appear to be a conserved part of the left-right determining
pathway (Meno et al., 1996; Meno et al., 1997; Bisgrove et al., 1999; Meno et al.,
1999; Thisse and Thisse, 1999; Cheng et al., 2000). lefty1 is expressed in the left side
of the node and prospective floorplate and is required to restrict the expression of
nodal to the left side of the embryo (Meno et al., 1998). In absence of lefty1
signalling, nodal is expressed on both sides of the midline. It has therefore been
proposed that lefty1 acts as a midline barrier, preventing activation of left sided genes

like nodal, on the right side of the embryo. Another lefty gene, lefty2, is also
asymmetrically expressed in the left lateral mesoderm in a manner similar to that of
nodal (Meno et al., 1997). Like lefty1, lefty2 is thought to act as an antagonist of
nodal signalling although both genes are co-expressed in many cells. It has been
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suggested that direct competition between nodal and lefty proteins for common
receptor sites, provides a mechanism for fine-tuning the effect of nodal signalling
(reviewed in Schier and Shen, 2000). Although the later part of the pathway seems

highly conserved between vertebrates there are several significant differences during
the early stages of left-right specification (figure 1.11).
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Figure 1.11: Genetic pathway for left-right asymmetry in chicken and mouse. A large number of genes, which play
an important role in left-right asymmetry, have been identified. Genes that are expressed are shown in red while genes
that are off are shown in grey. The early stages of the pathway differ between mouse and chick and genes such as Fg/8
and Shh that show asymmetric expression in chick are expressed symmetrically in mouse. In contrast the presence of
monociliated node cells has only been found in mouse. However, the late pathway, which centres around Nodal (blue)
appears to be more or less conserved between all vertebrate species. Hence the genes required for regulation of nodal
expression are conserved as is most of the genes downstream of Nodal. Interestingly Bapxl is expressed on the left
side in chicken and on the right side in mouse.

As mentioned above the presence ofmono-ciliated cells in the node has only been
observed in mouse. Another difference is that Fgf8 and Shh, are both asymmetrically
expressed in chicken, whereas in mouse they are expressed symmetrically. However,
it appears that both genes do have a role in left-right determination in mouse despite
the lack of asymmetric expression. Hence, it has recently been shown that both Shh
and Fg/8 disrupts laterality in mouse when mutated (Tsukui et al., 1999; Meyers and
Martin, 1999). In the absence of Shh protein, lefty1 fails to be expressed suggesting
that Shh is required for activation of lefty1 expression along the midline and
presumably the laterality defects are due to the absence of lefty1. Finally, in chicken
Inhfib is the first gene to be asymmetrically expressed. There is little doubt that
activin signalling has an important function in determining left-right signalling in
chick since both misexpression and blocking of the signal with TGF(3 antagonists,
perturbs the expression of downstream genes (Levin et al., 1997). In contrast targeted
mutation of Inhfb in mouse has no effect on laterality (Matzuk et al., 1995b). The
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only indication that might indicate that activin signalling is important in left-right
specification in mouse is that targeted deletion of the ActRIIb causes laterality
defects (Oh and Li, 1997). However, ActRIIb probably acts as receptor for many
TGFp molecules and since the entire left-right pathway is mediated by members of
this family (Inhpb, nodal, lefty1, lefty2 and Bmp's), it is unlikely that the ActRIIb-/-
phenotype reflects a role for Inhpb in mouse.

Asymmetric organ development
The expression ofmany asymmetric genes is transient and disappears before any

morphological differences are visible. So an interesting question has therefore been
how asymmetric gene expression is relayed and translated by the organ primordia?
The bicoid like homeobox gene Pitx2 was recently cloned and turned out to be good
candidate for mediating early asymmetry to the organ primordia (Meno et al., 1998;
Piedra et al., 1998; Logan et al., 1998; Yoshioka et al., 1998). Pitx2 is expressed in
the left lateral mesoderm and unlike other left specific genes it continues to be
expressed at subsequent stages in the left side of several organ primordia, including
the heart, gut and stomach. Ectopic expression ofPitx2 can cause laterality defects in
a variety of vertebrates (Logan et al., 1998; Ryan et al., 1998; Campione et al., 1999;
Essner et al., 2000) and Pitx2 deficient mice display some laterality defects. These
defects include right pulmonary isomerism and right isomerism of the lungs, but
surprisingly the heart and gut develops normally (Gage et al., 1999; Kitamura et al.,
1999; Lin et al., 1999; Lu et al., 1999). Also the expression ofPitx2 in mice
exhibiting laterality defects reflects the altered organ orientation. Thus homozygous
iv/iv mice show randomised organ situs and Pitx2 expression while inv/inv mice
show reversed expression ofPitx2 (Piedra et al., 1998; Ryan et al., 1998; Campione
et al., 1999). Finally, ectopic nodal signalling in the right lateral mesoderm can

induce expression ofPitx2 in both chicken and frog embryos (Logan et al., 1998;
Ryan et al., 1998; Campione et al., 1999). Together these results are consistent with
the idea that Pitx2 act downstream in the left right determining pathway and it has
the capacity to direct organ orientation.

However, Pitx2 is not the only gene involved in asymmetric organ
development. Other transcription factors such as the zinc finger gene SnR and the
homeobox gene Bapxl1 are also likely to be involved in various aspects of
asymmetric organ development. In both mouse and chicken SnR is expressed in the

1
Bapxl is also known as Nkx3.2 and is usually referred to under that name in papers concerned with
left right asymmetry. However, this project involves a phenotypic analysis ofBapxl mutant mice and
to emphasise that these genes are the same Nkx3.2 will be referred to as Bapxl throughout this thesis.
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right lateral mesodermal plate (Isaac, 1997; Sefton, 1998). Ectopic nodal signalling
in the right lateral mesoderm repress SnR expression while inactivation of SnR
activity with antisense oligos results in randomisation of left-right development,
accompanied by ectopic expression ofPitx2 (Patel, 1999). It has therefore been
suggested that nodal activates Pitx2 in the left lateral mesoderm through repression
ofSnR. In chicken and Xenopus Bapxl is expressed in the left lateral mesodermal
plate and appears to be downstream of nodal signalling, whereas in mouse Bapxl is
expressed in the right lateral plate mesoderm (Schneider, 1999). However, the
potential involvement ofBapxl in directing left-right development has not yet been
characterised. It should be noted that Bapxl deficient mice are asplenic (Lettice et

al., 1999b; Tribioli and Lufkin, 1999; Akazawa et al., 2000), but since the gene is
expressed in the splenic mesenchyme (Tribioli et ah, 1997) and other asymmetric
organs are positioned correctly, it is unlikely that this phenotype reflects the asplenia
syndrome.

The exact mechanism by which left sided expression ofPitx2 and other genes
are interpreted by organ primordia such as the spleno-pancreatic region and
conveyed into asymmetric development is unclear. In some mouse mutants with
laterality defects the visceral isomerism is restricted to particular organs (Meno et ah,
1998; Gage et ah, 1999) suggesting that each organ responds individually to left-
right signalling. This would require combined integration of anterior-posterior and
left-right signalling, which in turn is mediated into local physical differences i.e.
changes in cell shape or proliferation. However, as yet no such mechanism has been
described.

Anterior-posterior patterning of the endoderm
Although left-right signalling provides some sort of positional information to the
visceral organs, it is not involved in specifying organ identity. During development
the endoderm gives rise to the intestinal tract and various other organs including the
thyroid, parathyroids, thymus, ultimobranchial body, respiratory system, stomach,
liver, gallbladder, pancreas and cecum. All these organs arise by branching off the
endodermal tube and it appears that the level of branching and identity of individual
organs primarily is specified by anterior-posterior patterning (reviewed in Wells and
Melton, 1999; Grapin-Botton and Melton, 2000).

At present very little is known about the general molecular mechanisms
determining anterior-posterior patterning of the gut tube. Several genes have been
shown to be expressed in a region specific manner, which might reflect organ
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specification (figure 1.12), but it remains to be confirmed. Because of their role in
anterior-posterior patterning in other tissues the Hox genes are logical candidates for
patterning of the endoderm. Most of the vertebrate Hox genes are expressed in the
splanchnic mesoderm surrounding the endoderm where they are found in a

overlapping and extended pattern (Grapin-Botton and Melton, 2000), but only a few
are expressed in the endoderm at levels that are detectable with in situ hybridisation.
Furthermore there is no evidence that Hox mutations causes transformations that

affects either organ position or identity, although it should be noted that abnormal
gut development has been observed in some Hox mutants (Manley and Capecchi,
1995; Boulet and Capecchi, 1996; Aubin et al., 1997; Warot et ah, 1997).

Transcription factors E4 chick got tube 1 &-somite chick Figure 1.12: Anterior-posterior patterning of the gut tube.
Several transcription factors, mostly homeobox genes, are
expressed in a regionalised manner in the developing gut tube. It
is believed that the overlapping expression patterns provide
regional identity, which determines the position and identity of
individual organs. These expression domains are based on
studies in chicken but the mouse homologues show similar
expression patterns. (Modified from Grapin-Botton and Melton,
2000)

However, it is possible that the endoderm is patterned by signals emanating from the
mesoderm. This is the case in Drosophila where signals from the mesoderm controls
expression of the Hox gene labial in the endoderm (Reuter et ah, 1990; Szuts and
Bienz, 2000). Also in chicken embryos misexpression of Shh can induce ectopic
expression ofHox and Bmp genes in the gut mesoderm (Roberts et ah, 1995). Shh is
normally expressed in the endoderm and might well be regulating gene expression in
the mesoderm, however, since it is expressed throughout the gut tube it is unlikely
that Shh regulates regionalised expression patterns.

In Amphioxus another homeobox gene complex, the so-called ParaHox cluster
has been identified (Brooke et ah, 1998), containing homologues of the mammalian
homeobox genes Pdxl and Cdx. The ParaHox cluster appears to be conserved in
human and mouse and both Pdxl and Cdx genes show distinct expression boundaries
within the endoderm. In particular the Cdx genes might play an important role in
anterior-posterior patterning of the endoderm, because they have been shown to be
regulators ofHox genes (Charite et ah, 1998).
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Pancreas development
The mammalian pancreas is a mixed endodermally derived organ with in important
role in the regulation ofblood glucose levels and secretion of digestive enzymes into
the gut. These two functions are mediated by the exocrine cells that secrete digestive
enzymes into the intestine and endocrine cells that secrete hormones into the
bloodstream. The exocrine cells are the dominating cell type, which make up almost
98% of the mature pancreas. The endocrine cells are organised in clusters called
Islets of Langerhans, which are dispersed throughout the exocrine tissue. These Islets
are arranged in a strict manner; the core of the Islets consists of insulin producing (3-
cells surrounded by glucagon producing a-cells. Somatostatin producing 8-cells and
pancreatic polypeptide (PP) producing PP-cells are also predominantly located in the
periphery of the Islets. The major function of insulin and glucagon is to regulate
glucose levels in the blood and inability to do this leads to the medical condition
diabetes mellitus. It has been estimated that diabetes affects at least 30 million people
world-wide and for this reason pancreas development has received considerable
attention in recent years (reviewed in Slack, 1995; Edlund, 1998; Edlund, 1999;
Wells and Melton, 1999; Grapin-Botton and Melton, 2000).

Figure 1.13: Pancreas development. Pancreas development is
initiated around E9 when Pdx1 expression is activated in the dorsal
and ventral buds. During subsequent development the endoderm
grows into the surrounding mesenchyme. At E12 the two buds fuses
and become one. This figure was kindly provided by Dr. Ulf Ahlgren.

Pancreas development is initiated at E9 when the homeobox gene Pdxl becomes
expressed in the evaginating endoderm destined to become the dorsal and ventral
pancreatic buds (Ahlgren et al., 1996). Recombination studies have shown that
mesenchymal-epithelial interaction are essential for pancreas development, thus the
pancreatic endoderm can only grow and differentiate in presence ofmesenchyme
(Golosow and Grobstein, 1962; Wessels and Cohen, 1967). During early stages of
pancreas development this mesenchyme has to be of pancreatic origin, but at later
stages heterologous mesoderm from the lungs or other tissues is sufficient to
maintain growth and differentiation. In chicken Shh is involved in patterning of the
hindgut (Roberts et ah, 1995) and in mouse Shh and another member of the

Embryonic day 9 E9 E10 E12

Vent
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hedgehog family Indian hedgehog (Ihh) is expressed uniformly throughout the
endoderm except in the pancreatic buds (Bitgood and McMahon, 1995). One
important feature of the pancreatic mesoderm is therefore that it is not exposed to
Shh signalling and does not express S/z/z-response genes such as Patched (Apelqvist
et al., 1997). That this is an important aspect of pancreas development has been
demonstrated by showing that misexpression of Shh in the pancreatic endoderm
induces Patched in the pancreatic mesoderm and impairs pancreatic development
(Apelqvist et al., 1997). Furthermore, genetic disruption of hedgehog signalling in
the gut tube leads to a three fold increases in the size of the pancreas (Hebrok et al.,
2000) while local inactivation of Shh signalling in Pdxl positive endoderm can

induce ectopic pancreas development (Kim and Melton, 1998). Hence, it appears that
Shh has an essential role in specifying pancreatic cell fate. Another gene expressed
specifically in the dorsal pancreatic mesoderm is the LIM homeo domain gene Isll
(Karlsson et al., 1990; Ahlgren et al., 1997). In mice lacking functional Isll the
dorsal pancreatic mesoderm is absent and as a result the dorsal pancreas fails to

develop (Ahlgren et al., 1997). Together these results imply that gene expression in
the endoderm and mesoderm must be coordinated to ensure proper pancreas

development. As described above the Hox genes might play a significant role in
determining organ identity positional information along the anterior-posterior axis.
However, it is also believed that surrounding structures such as the aorta, notochord
and heart might provide signals important for endodermal patterning. At E8.5 the
endoderm destined to become the dorsal pancreas is in physical contact with the
notochord and it has been shown that the notochord provides a permissive signal to
the endoderm required for pancreas development (Kim et al., 1997). In absence of
notochord signalling Shh is not repressed in the dorsal endoderm and pancreas

development is abolished. However, application of Inhfib and Fgf2 to the endoderm
leads to repression of Shh expression and permits expression of pancreatic markers
such as Pdxl and insulin (Hebrok et al., 1998). Although the notochord has an

important role in patterning the dorsal part of the endoderm is never in contact with
the ventral endoderm. Suggesting that the exclusion ofShh and Ihh from the
endoderm destined to form the ventral pancreas is achieved through a different
mechanism.

Spleen development
The spleen is a mesodermally derived organ that plays a role in hematopoiesis, the
generation of some immune responses and in the removal of and processing of spent
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red blood cells. It is located on the left side of the vertebrate body close to the
stomach and pancreas, however, very little is known about the early stages of spleen
development. For a long period Dh provided the only mouse model for asplenia, but
recently several genes have been identified which affect spleen development when
disrupted. Hoxll, Bapxl and Capsulin all results in complete asplenia when deleted
(Roberts et al., 1994; Dear et al., 1995; Lettice et ah, 1999b; Tribioli and Lufkin,
1999; Akazawa et ah, 2000; Lu et ah, 2000) whereas Wtl, Nkx2.3 and ActRIIb
reduce the size of the spleen when mutated (Oh and Li, 1997; Herzer et ah, 1999;
Koehler et ah, 2000; Pabst et ah, 1999). Another gene, Nkx2.5 is expressed in the
spleen primordia in Xenopus, but as yet it has not been implicated with spleen
development in mouse (Patterson et ah, 2000). Although it clear that these genes play
an important role in spleen morphogenesis, a genetic hierarchy determining the order
of events and individual relationship between the genes, has not yet been established.
Histological analyses of frog, chicken, lungfish and mammalian embryos indicate
that the splenic rudiment is first recognisable as a single condensation of
mesenchyme along the left side of the mesogastrium dorsal to the stomach (Thiel and
Downey, 1921; Manning and Horton, 1969; Saito, 1984; Vellguth et ah, 1985;
Yassine et ah, 1989). This places the origin of spleen development within or adjacent
to the dorsal pancreatic mesenchyme, suggesting that a spatial relationship might
exist between the two organs. Evidence for such a relationship has been further
strengthened by several transgenic experiments on pancreas development. Under
normal circumstances Shh expression is excluded from the pancreatic endoderm and
as a result the splenic mesenchyme is not exposed to Shh signalling. In transgenic
mice expressing Shh in the dorsal pancreatic endoderm the spleen fails to form
indicating that the exclusion of Shh expression from the dorsal pancreas is an

essential requirement for spleen induction (Apelqvist et ah, 1997). In p48 deficient
mice the exocrine cells of the pancreas is lacking and in absence of exocrine cells the
endocrine cells migrate into the spleen (Krapp et ah, 1998). Although these results
indicate a developmental association between the pancreas and the spleen, it is
known that the pancreas is not required for spleen development. In mice lacking
Pdxl or Hlxb9, where the dorsal pancreas fails to form, the spleen develops normally
(Jonsson et ah, 1994; Ahlgren et ah, 1996; Li et ah, 1999; Harrison et ah, 1999).

Stomach development
On basis ofmorphological differences the vertebrate stomach can be divided into
two distinct compartments. The anterior stomach or the forestomach is lined with a
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mucous layer while the posterior stomach or the glandular stomach is lined with a

columnar epithelium that resembles the vili in the gut (figure 1.14). At E9.5 the
presumptive stomach can be seen as a swelling of the endodermal tube at the level of
the forelimbs. However, the first morphological differences between the anterior and
posterior stomach are not detectable until stage El2.5. Although the stomach is the
most prominent organ in the spleno-pancreatic region very little is known about the
molecular cues underlying its development. Only a few genes have been reported to
have a role in stomach development and most of the evidence is based on descriptive
analyses. Thus Bapxl and Barxl are reported to be expressed in the splanchnic
mesenchyme surrounding the stomach endoderm at E9.5 and E10.5 (Tribioli and
Lufkin, 1997; Tissier-Seta et al., 1995).

During early stages of stomach development Shh is expressed throughout the
endoderm. However, at later stages its expression becomes restricted to the anterior
stomach. Interestingly, the restriction ofShh expression coincides with an expansion
ofPdxl expression in the posterior part of the stomach endoderm. Hence the
negative feedback loop between Shh and Pdxl, which is seen in the pancreas, is also
present in the stomach. In mice lacking both activin receptors, ActRIIa and ActRlIb,
the posterior stomach is transformed into anterior stomach (Kim et al., 2000),
suggesting that members of the TGF(3 family are involved in specifying stomach
identity. Also, consistent with the idea that Shh is required for anterior identity the
expression domain of Shh is extended into the posterior in these mice.

Esophagus Forestomach Figure 1.14: The anatomy of
the mouse stomach. The
mouse stomach can be
divided into two distinct

compartments, the
forestomach and the

glandular stomach. The lining
of the two compartments is
illustrated in the inserts.
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Chapter 2: The limb and kidney phenotype

The Dh mutation belongs to the hemimelia-luxate group of mutations, which causes

Polydactyly, long bone abnormalities and luxation of the hindlimbs. Mice carrying
the Dh mutation are specifically affected at the preaxial side of the hindlimbs with
Polydactyly or oligodactyly in the handplate and hemimelia or amelia of the tibia and
previous studies have shown that the Dh mutation affects hindlimb development
from very early stages (Hecksher-Sprensen, 1998; Lettice et al., 1999a). In addition
to limb abnormalities Dh also affects the axial skeleton and the kidneys. The axial
abnormalities include a reduction in the number of ribs, sternebrae and presacral
vertebrae (Holmes and Barton, 1993; Suto et al., 1996; Morin et al., 1999) while the

kidneys are hydronephrotic. However, in contrast to the limb defects it is largely
unknown how Dh affects the development of these organs. Studies in humans have
revealed a significant relationship between preaxial limb defects and kidney
abnormalities (Evans et al., 1992) and combined with experimental studies
(Geduspan and Solursh, 1992) there is evidence to suggest the existence of a
developmental association between early kidney development and limb induction.
Also it is possible that these defects are related to the reduction of lumbar vertebrae.
The studies described in this chapter were therefore carried out to investigate if the
posterior abnormalities observed in Dh are related to each other and to determine if
Dh might be used as a model system for studying the association between limb and
kidney abnormalities.

2.1 The Dh mutation shifts the hindlimbs anteriorly

Homeotic transformation of the axial skeleton in Dh

E16.5 embryos were dissected out and stained with alizarin red and alcian blue to
visualise chondrogenesis in the developing skeleton (figure 2.1). In wildtype
embryos the number of lumbar vertebrae is predominantly six and in this experiment
all +/+ embryos examined showed this phenotype (figure 2.1a). However, in both
Dh/+ (figure 2.1b) and Dh/Dh (figure 2.1c) there was a reduction in the number of
lumbar vertebrae from 6 to 5. This phenotype was consistent and appeared in all
Dh/+ and Dh/Dh embryos examined. In contrast the number of cervical, thoracic and
sacral vertebrae is
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Figure 2.1: Homeotic transformations of the axial skeleton in Dh. Alizarin red and alcian blue-stained skeletons of
E16.5 embryos. The black arrowhead points to the last thoracic vertebra (T13). The thoracic vertebrae can be distin¬
guished from the lumbar vertebrae because of the associated ribs. The black arrow points to the first sacral vertebra
(S1) which is can be recognized because of the characteristic lateral protrusions, (a) In +/+ embryos the predominant
phenotype is 6 Lumbar vertebrae labelled L1-L6. In Dh/+ embryos (b) and Dh/Dh embryos (c) the number of Lumbar
vertebrae is reduced to 5.
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unaffected by the Dh mutation (data not shown). These results agree with previous
reports on skeletal abnormalities in Dh mice (Holmes and Barton, 1993; Suto et al.,
1996; Morin et al., 1999) confirming that the Dh mutation causes a reduction in the
number of lumbar vertebrae. However, this phenotype is not a unique characteristic
associated with Dh. An identical phenotype has been reported for mice carrying
mutations in genes encoding members of the Hox complex (Zakany et al., 1996;
Gerard et al., 1997). In these experiments the last lumbar vertebra (L6) undergoes a

homeotic transformation and becomes the first sacral vertebra (SI). The mutations
also affect all vertebrae posterior of SI causing them to undergo an anterior
transformation and as a result the total number of sacral vertebrae is maintained.

These mutations therefore represent an exact phenocopy of the skeletal abnormalities
observed in Dh animals, strongly implying that the vertebral defects are caused by a

homeotic transformation. However, it is also possible that the reduction in the
number of lumbar vertebrae is caused by a segmental deletion.

The hindlimbs shifts anteriorly in Dh embryos
It is known that Hox genes play an important role in specifying segmental identity
along the anterior posterior axis (Krumlauf, 1994). In addition, targeted mutagenesis
or misexpression of individual Hox genes has implied that the Hox code is required
for correctly positioning the limbs. Thus, Hoxb5 is necessary for positioning the
forelimbs (Rancourt et al., 1995) while Hoxll paralogues can shift the position of the
hindlimbs (Zakany et al., 1996; Gerard et al., 1997). Due to the characteristic
expression pattern of the Hox genes it is thought that the anterior boundary of
expression is the factor that determines segmental identity. The HoxlO paralogues
are believed to determine the lumbar/sacral transition and in an evolutionary study
comparing the expression boundaries between different species it was shown that the
anterior expression boundary of these genes always coincide with the anterior limit
of the hindlimbs (Burke et al., 1995).

Analysis of the skeletal abnormalities in Dh mice showed that the last lumbar
vertebra (L6) is transformed into the first sacral vertebra (SI) and by definition such
a transformation reflects an anterior shift in the position of the hindlimbs. In addition
Dh affects limb development very early -presumably prior to induction (Hecksher-
Sprensen, 1998; Lettice et al., 1999a). Since the Hox code is responsible for
determining axial identity and positioning the limbs, it is possible that Dh is affecting
the expression of Hox genes.
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Figure 2.2: The developing hindlimbs have shifted anteriorly in Dh/+. Double in situ showing expression of Hox
genes (blue) and Myogenin (brown), (a) Expression of HoxalO at E10.5 in a +/+ embryo. The anterior limit of the devel¬
oping hindlimb (white arrow) is positioned 14 segments rostral to the posterior limit of the forelimb bud. HoxalO is
expressed in the limb buds and weakly in the lateral flank. The anterior expression of HoxalO in the flank (black arrow)
corresponds to the anterior limit of the hindlimb bud. (b) Expression of HoxalO at E10.5 in a Dh/+ embryo. The anterior
limit of the developing hindlimb (white arrow) is positioned 12 segments rostral to the posterior limit of the forelimb bud.
The anterior expression of HoxalO (black arrow) is very weak but corresponds roughly to segment 14. (c) Expression of
Hoxa11 at E10.5 in a +/+ embryo. The anterior limit of the developing hindiimb (white arrow) is positioned 14 segments
rostral to the posterior limit of the forelimb bud. Hoxa11 is expressed in the limb buds and very weakly in the lateral
flank, (d) Expression of Hoxa11 at E10.5 in a Dh/+ embryo. The anterior limit of the developing hindlimb (white arrow) is
positioned 12 segments rostral to the posterior limit of the forelimb bud. (e) Expression of Hoxd10 at E10.5 in a +/+
embryo. The anterior limit of the developing hindlimb (white arrow) is positioned 14 segments rostral to the posterior
limit of the forelimb bud. HoxdIO is expressed in the limb buds and in the lateral flank. The anterior expression of
HoxalO in the flank (black arrow) corresponds to the anterior limit of the hindlimb bud. (f) Expression of HoxdIO at
E10.5 in a Dh/+ embryo. The anterior limit of the developing hindlimb (white arrow) is positioned 12 segments rostral to
the posterior limit of the forelimb bud. The anterior expression of HoxdIO (black arrow) corresponds to segment 14. (g)
Expression of Hoxd11 at E10.5 in a +/+ embryo. The anterior limit of the developing hindlimb (white arrow) is positioned
14 segments rostral to the posterior limit of the forelimb bud. Hoxd11 is expressed in the limb buds and in the lateral
flank. The anterior expression of Hoxd11 in the flank (black arrow) is several segments posterior of the anterior limit of
the hindlimb bud. (h) Expression of Hoxd11 at E10.5 in a Dh/+ embryo. The anterior limit of the developing hindlimb
(white arrow) is positioned 12 segments rostral to the posterior limit of the forelimb bud. The anterior expression of
Hoxd11 in the flank (black arrow) is several segments posterior of the anterior limit of the hindlimb bud.
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Alteration in the Hox code might also explain the early effect Dh has on limb
development, because the Hox genes are acting upstream of limb induction. E10.5
embryos were therefore examined for the expression of various Hox genes (figure
2.2). The analysis primarily focused on the HoxlO and Hoxll paralogues because
their expression boundaries coincide with the position of the hindlimbs. Additionally
all embryos were simultaneously stained for Myogenin expression (Hecksher-
Sprensen et al., 1998). Myogenin is expressed in the developing myotome (Sassoon
et al., 1989) in a segmental pattern, which makes it possible to precisely determine
the relative position of the hindlimbs along the anterior posterior axis.

In +/+ embryos the anterior boundary of the hindlimbs is always positioned 14
somites caudal to the posterior limit of the forelimbs (figure 2.2a,c,e,g; white arrow).
However, in Dh/+ mice only 12 somites separates the fore and hindlimbs confirming
that the position of the hindlimbs is shifted two somites anteriorly (figure 2.2b,d,f,h).

In +/+ embryos the anterior boundary of HoxalO expression can be detected
just posterior to segment 14 and it therefore corresponds well with the anterior limit
of the hindlimb buds (figure 2.2a; black arrow). In addition the gene is expressed in
mesenchyme of the developing fore and hindlimb buds. In Dh/+ the anterior
boundary of HoxalO expression still corresponds to somite 14 despite the shift of the
hindlimbs (figure 2.2b). It therefore seems unlikely that misexpression of HoxalO
should be responsible for the limb shift and homeotic transformation. For Hoxall
expression could be detected in the developing fore and hindlimb in both +/+ and
Dh/+ embryos (figure 2.2c,d). However, in the posterior part of the embryos
transcription levels ofHoxall were too low to confidently determine the anterior
boundary of expression. The expression of HoxdlO is very similar to that observed
for HoxalO. In +/+ embryos the anterior boundary of HoxdlO expression can be
detected at somite 14 (figure 2.2e; see also figure 2.3a,b) and in the mesenchyme of
both fore and hindlimbs. However, as observed with HoxalO the hindlimb buds
shifts independently of HoxdlO expression in Dh/+ (figure 2.2f; see also figure
2.3c,d). Thus, the anterior boundary of HoxdlO expression can still be detected at
somite 14 while the anterior limit of the hindlimbs correlates to segment 12 and it is
therefore unlikely that the limb shift is caused by misexpression of HoxdlO. Also for
Hoxdll the anterior boundary of expression is unaffected by the Dh mutation. In +/+
embryos Hoxdll expression can be detected in the posterior mesenchyme in both the
fore and hindlimb buds, while the anterior boundary of lateral plate expression
correlates to somite 17, within the posterior half of the hindlimb buds (figure 2.2g).
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Figure 2.3: HoxdIO expression in +/+ and Dh/+. Double in situ staining of HoxdIO expression (blue) and Myogenin
(brown), (a) Dorsal view of the developing hindlimbs in an E10.5 +/+ embryo. The anterior expression of HoxdIO (white
asterix) corresponds with the anterior position of the hindlimb bud (red asterix). (b) Lateral view of the developing
hindlimbs in an E10.5 +/+ embryo. The anterior expression of HoxdIO (white asterix) corresponds with the anterior posi¬
tion of the hindlimb bud (red asterix). (c) Dorsal view of the developing hindlimbs in an E10.5 Dh/+ embryo. The anterior
position of the hindlimb bud (red asterix) is positioned two segments caudal to the anterior boundary of HoxdIO expres¬
sion (white asterix). (d) Lateral view of the developing hindlimbs in an E10.5 Dh/+ embryo. The anterior position of the
hindlimb bud (red asterix) is positioned two segments caudal to the anterior boundary of HoxdIO expression (white
asterix). The extend of the hindlimb buds are outlined by a dashed line.
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The Dh/+ embryo is slightly younger than E10.5 and as a result no Myogenin
expression can be detected around the hindlimb buds. It is therefore difficult to
exactly determine the anterior boundary of Hoxdll expression, but it appears to
correlate with the posterior limit of the hindlimb buds, suggesting that the limb is
moving independently of Hoxdll expression.

The data shown in figure 2.2 demonstrates that the developing hindlimb buds
are shifted two somites anteriorly in Dh/+ embryos while the expression pattern of
several Hox genes is unaffected by the mutation. To further illustrate this point figure
2.3 show a close up of HoxdlO expression in developing hindlimb buds at E10.5. The
anterior boundary of HoxdlO expression and the anterior limit of the hindlimbs are

illustrated by a white and red asterix respectively. A dorsal view of +/+ hindlimbs
clearly shows that the anterior expression of HoxdlO in the neural tube coincide with
the anterior limit of the hindlimb bud (figure 2.3a). This is also the case when the
same region is viewed from the side (figure 2.3b). However, in Dh/+ embryos the
anterior boundary of HoxdlO expression no longer coincides with the anterior limit
of the developing hindlimbs. Instead the hindlimb buds are positioned two somites
rostral to the anterior boundary of HoxdlO expression (figure 2.3c). This phenotype
is even more obvious when the same region is viewed from the side (figure 2.3d).
The conclusion is therefore that the shift of the hindlimbs in Dh/+ must occur

independently of HoxdlO expression.
Unfortunately, the above analysis did not include a description of homozygous

embryos, due to shortage of Dh/Dh mice (see material and methods #40).

The expression of HoxcIO is shifted anteriorly in Dh embryos.
HoxclO was the last member of the HoxlO paralogues to be analysed (HoxblO does
not exist). The expression of HoxclO can be divided into two domains. A Neural tube
domain (black arrow) and a lateral flank domain (white arrow). At E10.5 the anterior

boundary of HoxclO expression in both domains correlates to segment 12 (figure
2.4a). As previously described the anterior limit of the hindlimb buds is positioned at
segment 14. Hence the expression domain of HoxclO extends two segments anterior
to the rostral limits of the hindlimb buds. Slightly later in development at El 1.0 the
anterior boundary of HoxclO expression still correlates to segment 12 in both the
neural tube and in the flank mesoderm (figure 2.4b). That way the anterior extent of
HoxclO expression is defined by a sharp boundary running perpendicular to the
anterior-posterior axis at segment 12.
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Figure 2.4: HoxcIO expression in the lateral flank has shifted anteriorly in Dh embryos. Triple in situ showing
expression of HoxcIO (blue), Fgf8 and Myogenin (brown). At E10.5 (a) and E11.0 (b) the wild type expression of
HoxcIO corresponds to somite 12 in both the neural tube (black arrow) and in the lateral flank (white arrow). That way
the anterior boundary of expression forms a sharp line perpendicular to the anterior-posterior axis. In Dh/+ embryos
HoxcIO expression in the lateral flank is shifted anteriorly to somite 9 while the neural tube expression is unaffected (c
and d; white arrow). The same is true in homozygous embryos (e and f). Hence HoxcIO expression in the lateral flank
shifts anterior together with the hindlimbs.
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In Dh/+ embryos the neural tube expression of HoxclO correlates to segment 12 and
is therefore unaffected by the mutation (figure 2.4c). However, in the lateral flank
mesoderm the expression domain has shifted three segments anteriorly and extends
up to segment 9. The same is true at El 1.0 where the anterior limits of the two
expression domains no longer forms a mutual boundary running perpendicular to the
body axis. In Dh/Dh embryos the expression of HoxclO is also shifted (figure 2.4e).
The anterior boundary of HoxclO expression in the flank mesoderm correlates to
segment 8 and the extend of the shift is therefore even more pronounced than in
heterozygous embryos. The neural tube expression correlates to segment 12 and is
therefore unaffected by the mutation. At El 1.0 the flank expression can still be
detected in the mesoderm posterior to segment 8 (figure 2AT). It is clear that the
expression domain in the flank mesoderm has been displaced anteriorly compared to
the expression domain in the neural tube. It is therefore evident that HoxclO
expression in the lateral flank mesoderm is shifted anteriorly in mice carrying the Dh
mutation. Also the shift in homozygous embryos appears to be slightly more severe

than in heterozygous embryos.

Gene expression in the Dh hindlimbs
The observation that the hindlimbs are shifted anteriorly relatively to the expression
pattern of HoxalO, HoxdlO and Hoxdll raised a number of questions regarding cell
identity within the hindlimb mesenchyme. For this purpose a number of genes
including Fgf8, FgflO, Alx4 and Gremlin were analysed (data not shown). However,
the expression of these genes confirmed previous studies (Lettice et al., 1999a)
showing that the extent of the hindlimb field is reduced in Dh at the time of induction
and that the mutation specifically affects the anterior mesenchyme.

When ectopic limbs are induced in the flank of chicken embryos they are

chimeric and display dual fore and hindlimb identity (Ohuchi et ah, 1998). The
possibility that the anterior shift in Dh mice had caused hindlimbs to become
chimeric was also tested. However, the expression of both fore and hindlimb specific
genes Tbx4 and Tbx5 was found to be normal in mutant limbs (data not shown),
suggesting that hindlimb identity is maintained despite the shift.

Abnormal innervation of the hindlimbs in Dh embryos
The analysis of Hox gene expression in Dh embryos clearly shows that the
expression of HoxclO is shifted anteriorly while the expression of several other Hox
genes were unaffected by the mutation. In addition it appeared that only HoxclO
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expression in the lateral flank was affected. In the neural tube the anterior boundary
of expression was the same in mutant and wildtype. However, it has been shown that
Hox genes have an important role in determining nerve identity (Rijli et al., 1995;
Carpenter et al., 1997; de la Cruz et al., 1999). This raise an interesting problem,
because in the neural tube of Dh embryos nerve identity is determined according to
what looks like a wildtype pattern, while the limb buds they should innervate has
shifted anteriorly. It is therefore possible that the nerves innervating the developing
hindlimbs in Dh embryos display a dual behaviour -a combination of wildtype and
mutant identity.

To investigate this further El 1.5 embryos where stained as whole mounts with
antibodies against Neuro-filament 160 (NF160). The five trajectories ofmotor
neurons, which contribute to innervation of the developing forelimb, have been
labelled F1-F5 (red) and the five that contribute to innervation of the hindlimb have
been labelled H1-H5 (blue). In +/+ embryos there are 12 intervening nerves between
the forelimb and the hindlimb (figure 2.5a; white numbers). In the region around the
hindlimb it is apparent that there is a strict definition of nerve identity and a clear
distinction can be seen between the nerves migrating into the flank (figure 2.5b;
white arrows) and those that will innervate the hindlimb (blue arrows). Hence, the
nerves migrating into the flank are sending out lateral projections which can be seen

as bright spots near the middle of the nerve whereas the nerves innervating the limb
has no projections. The HI nerve has dual identity (blue and white arrow) and during
subsequent development it splits so the anterior half will innervate the flank while
the posterior will innervate the limb. However, at El 1.5 this dual identity has already
been determined and lateral projections can be seen in the anterior half (red arrow)
while the posterior half resembles the limb nerves. In DhIDh the number of nerves
between the fore and hindlimb has been reduced to from 12 to 10 (figure 2.5c; white
numbers). Again, demonstrating the anterior shift of the hindlimbs. However, closer
examination of the hindlimb region reveals severe abnormalities in the organisation
of the nerves. It is no longer possible to make a clear distinction between the nerves

innervating the limb and the nerves innervating the flank and the nerves 10, HI and
H2 all appear to have dual identity (mixed blue and white arrows). Thus, they are

sending out lateral projections characteristic for the nerves innervating the lateral
flank, but at the same time they are sending projections into the limb. Small lateral
projections can also be seen from the anterior half of H3 (red arrow) although the
vast majority of axons in this nerve are migrating into the limb.
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Figure 2.5: Abnormal innervation of the developing hindlimbs in Dh embryos. Immunohistochemistry showing
Neuro-Filament (NF160) staining at E11.5 in +/+ and Dh/Dh. The nerves innervating the developing forelimb are labelled
F1-F5 (red) and the nerves innervating the developing hindlimb are labelled H1-H5 (blue), (a) NF160 staining in a +/+
embryo. The forelimbs and the hindlimbs are separated by 12 nerves (white), (b) Close up of the region highlighted in
(a). The nerves are well organised and a clear distinction is seen between the nerves migrating into the limb bud (blue
arrows) and the nerves migrating into the flank (white arrows). The anterior half of the H1 nerve will migrate into the
flank and it is sending out lateral projections (red arrow), (c) In Dh/Dh the forelimb and the hindlimb are separated by 10
nerves (white), (d) Close up of the region highlighted in (c). The nerves are unorganised and it is difficult to distinguish
between the nerves migrating into the limb bud (blue arrows) and the nerves migrating into the flank (white arrows).
Nerve labels corresponding wild type patterning are shown in brackets. The H3 (H1) nerve is sending out lateral projec¬
tions (red arrow).
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However, due to the displacement of the hindlimb the number, reflecting the identity
of the individual nerves, has also been shifted anteriorly. For comparison the
individual nerves in the mutant have also been labelled according to wild type

patterning (in brackets). In wildtype embryos the HI nerve will split and innervate
both the flank and the limb and it is therefore the most posterior nerve to send out
lateral projections. Using wildtype labelling the H3 nerve in Dh would be HI and
indeed H3 (HI) is the most posterior nerve to send out lateral projections. This
strongly suggests that nerve identity in Dh is determined in a wildtype manner and in
accordance with this the nerves anterior to H3 (HI) all send out lateral projections
just as they would in a wildtype situation.

2.2 The Dh mutation affects kidney development indirectly

Studies in humans have demonstrated a strong relationship between preaxial limb
abnormalities and kidney defects (Evans et ah, 1992). In line with this observation it
has been suggested that the mesonephros are required for limb induction (Geduspan
and Solursh, 1992), thus providing a developmental link between the two organs.

However, this remains controversial since more recent experiments have shown that
the mesonephros are not required for limb induction (Fernandez-Teran et ah, 1997).
Mice carrying the Dh mutation display both limb and kidney abnormalities and
might therefore represent a model system for studying the association between the
two organs. Furthermore, since Dh affects limb induction, an analysis of early kidney
development, might provide an answer to the controversy surrounding the role of the
mesonephros during limb induction.

Severe swelling of the kidneys in Dh/Dh embryos
The kidneys of E18.5 Dh/Dh is clearly abnormal (figure 2.6f). In all homozygous
embryos both kidneys are hydronephric and almost twice the size of normal kidneys
(figure 2.6a). However, the swelling is not confined to the kidneys. Also the ureter is
swollen and in many cases the bladder (data not shown). Sagital sections through a

normal kidney at E18.5 show how the medulla is surrounded by a horseshoe shaped
cavity, which is where the collecting ducts empties into the ureter (figure 2.6a; red
arrow). In a Dh/Dh kidney this cavity is swollen and filled with fluids (figure 2.6f;
red arrow).
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+/+ Dh/Dh

Figure 2.6: Histological comparison between +/+ and Dh/Dh kidneys. At E18.5 Dh/Dh kidneys (f) are severely
swollen compared to +/+ (a). In the +/+ the main collecting duct forms a horseshoe around the medulla (red arrow). In
Dh/Dh fluids build up in the collecting duct forcing it to swell (red arrow). The highlighted areas refer to the pictures
taken at higher magnification. (b,g) Comparison of the ureter in +/+ (b) and Dh/Dh (c). The swelling of Dh/Dh kidneys
extends beyond the kidney itself and into the ureter. (c,h) Comparison of the medulla in +/+ (c) and Dh/Dh (h). Morpho¬
logically the medulla of Dh/Dh embryos is normal. (d,i) Comparison of the cortex in +/+ (d) and Dh/Dh (i). Morphologi¬
cally the cortex of Dh/Dh kidney is normal, (ej) Wt1 expression at E14.5 in +/+ (e) and Dh/Dh (j). Initial swelling can
already be seen in Dh/Dh (white arrowhead). The characteristic expression pattern of Wt1 expression in the developing
podocytes can be seen in both +/+ and Dh/Dh (white arrows), (co) cortex and (me) medulla.
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At a higher magnification it is possible to see that the morphology of individual
structures within the kidney appear relatively normal. Hence the cortex looks very
similar in +/+ and Dh/Dh animals and the characteristic circular shaped structure of
the podocytes are present in both genotypes (figure 2.6d and figure 2.6i respectively).
The medulla is slightly distorted in mutant kidneys (figure 2.6h), presumably because
of increased pressure exerted by the fluids accumulating in the ureter. Nevertheless
the gross morphology is similar to that observed for +/+ medullas (figure 2.6c).

The swelling of the mutant kidneys extends distal to the kidney into the ureter.
The function of the ureter is to drain fluids from the kidney to the bladder and it can
be seen as an epithelial structure connecting the two organs. In +/+ embryos it is
difficult to define the lumen within the ureter (figure 2.6b). However, in Dh/Dh
kidneys the ureter is very swollen and the lumen is filled with fluids (figure 2.6g).

These results suggest that the swelling observed in the Dh kidneys is caused by a

mechanical defect rather than abnormal development of the kidneys. To test this the
expression of Wtl was examined in +/+ and Dh/Dh kidneys. Wtl has two roles in
kidney development. Initially Wtl is expressed in the metanephric mesenchyme
(Armstrong et al., 1993). This expression is essential for kidney development and mice
lacking functional Wtl fail to induce the kidneys (Kreidberg et al., 1993). However,
Wtl also has a later role in which the gene is expressed in the developing podocytes
of the glomeruli (Armstrong et al., 1993). In +/+ embryos at E14.5 this late
expression can be seen as horseshoe shaped structures at the cortex of the developing
kidney (figure 2.6e; white arrows). A similar expression pattern can be observed in
homozygous embryos suggesting that podocyte development is normal in mutant
mice (figure 2.6j; white arrows). In addition these results show that swelling of the
mutant kidneys can be detected already from E14.5 (white arrowhead). However,
since no defects can be detected in kidney ultra structure these results strengthens the
idea that kidney defect is secondary in Dh mice.

Misexpression of HoxcIO in Dh embryos
In the previous chapter it was described how the shift of the hindlimbs is likely to be
associated with misexpression of HoxcIO. To determine whether misexpression of
HoxcIO could also be responsible for the kidney abnormalities wildtype and Dh/Dh
embryos were analysed. E10.5 embryos were stained for HoxcIO expression and
sectioned transversely through the region of the hindlimbs. Each embryo was stained
as a whole mount and subsequently sectioned into 100pm sections. Figure 2.7 shows
pictures of consecutive sections with the most anterior being at the top. However,

50



because the hindlimbs are shifted in Dh the pictures are aligned from the position of
the cloaca (figure 2.7f,l; red arrows). In agreement with previous experiments
(Lettice et al., 1999) these results show that the hindlimb buds are more narrow in Dh

embryos. In the +/+ embryos the developing hindlimbs span at least 5 sections
(figure 2.7b-f; 500pm) while in the mutant they only span 4 sections (figure 2.7g-j;
400pm). In addition the mutant limb buds appear thicker and more triangular.

HoxclO is expressed throughout most of the posterior tissues in both wildtype
and mutant embryo. However, there are some differences in the expression pattern.
In the midgut of wildtype embryos HoxclO expression can be detected in the
mesoderm surrounding the gut tube and it appears that there is a distinct boundary of
expressing and non-expressing cells (figure 2.7a,b; black arrows: see also figure
2.4a; red arrow). In contrast no HoxclO expression could be detected in the gut
mesoderm of Dh/Dh embryos. However, there is some evidence that the whole
midgut region is severely degenerated or entirely missing in Dh/Dh embryos and that
might explain the absence of HoxclO expression (discussed in chapter 4).
Another difference is that in wildtype the mesonephric duct is positioned within the
HoxclO expressing mesenchyme (black arrowhead), while in Dh/Dh the same duct is
positioned outside the HoxclO expressing mesenchyme (a close up of this can be
seen in figure 2.8a,b). At the level of the hindlimb bud the mesonephric duct can be
seen very close to the HoxclO expressing mesenchyme (figure 2.7i). However,
towards the posterior end of the embryo it becomes more obvious that the duct is no
longer within the HoxclO expression domain (figure 2.7j,k,l). At the moment it is
unclear whether HoxclO is actually misexpressed or not. At the level of the stomach
Dh affects the mesenchyme around the endoderm, but whether this effect extends
more dorsal and lateral to the mesenchyme surrounding the mesonephros is
unknown. However, it is possible that abnormal growth or migration of the
mesenchyme surrounding the mesonephros displaces the mesonephric duct so it ends
up outside the HoxclO expression domain. Nevertheless it is an interesting phenotype
because the posterior part of the mesonephric ducts later develops into the ureter,
which is abnormal in Dh/Dh mice.

Ya
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Figure 2.7: HoxcIO expression in +/+ and Dh/Dh at E10.5: Embryos stained for HoxcIO expression were cut trans¬
versely at the level of the developing hind limbs. 100pm thick consecutive sections going from anterior to posterior in
+/+ (a,b,c,d,e,f) and Dh/Dh (g,h,i,j,k,l). The two panels have been aligned so they most posterior picture shows the
cloaca (f,g; red arrow). In +/+ embryos HoxcIO is expressed in the developing hindgut (a,b; black arrow). In Dh/Dh
embryos no HoxcIO expression could be detected in the hindgut. In +/+ embryos the mesonephric duct is positioned
within the domain of HoxcIO expression (c,d,e; black arrowhead). In Dh/Dh embryos the mesonephric duct is positioned
outside the domain of HoxcIO expression (i,j,k; black arrowhead).
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Figure 2.8: The mesonephric duct is outside the HoxcIO expression domain in DMDh: High power images of the
sections shown in figure 3.2 g and i. (a) In +/+ embryos the mesonephric ducts is positioned within the HoxcIO
expression domain (arrow), (b) In Dh/Dh embryos the mesonephric ducts is positioned outside the HoxcIO expression
domain (arrow).
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Wt1 expression in wildtype and Dh embryos
The expression of HoxclO at E10.5 shows that the mesonephric duct is positioned
outside the HoxclO expression domain in Dh embryos, but there is no genetic
evidence that Hox genes are directly involved in positioning the kidneys.
Nevertheless, it is not difficult to envisage a situation where the absence of HoxclO
expression in the mesonephric duct could have an effect on cell identity and therefore
on early kidney development. It is known the metanephric mesenchyme stimulates
the growth of the uteric bud and that the place of budding determines the position of
the kidney. Wtl has an important role during these early stages of kidney
development and in mice lacking the gene, the uteric bud fails to grow out of the
mesonephric duct and kidney development is abolished (Kreidberg et ah, 1993).
However, recombination studies have shown that the inability to induce budding is
purely mesenchymal. Hence budding of the ureteric bud can be induced if the
mesonephric duct from Wtl" embryos is recombined with wildtype mesenchyme.
(Donovan et ah, 1999). In order to see if the Dh mutation has any effect on the
earliest stages of kidney development wildtype and mutant embryos were analysed
for Wtl expression.

As for HoxclO expression the Wtl stained embryos were cut into 100pm
consecutive sections. Pictures of the individual sections have been aligned so the
most anterior sections are at the top and most posterior at the bottom. Assuming that
the relative position of the cloaca is identical in wildtype and mutant, the sections
containing the cloaca were used to align the rest (figure 2.9g,n; red arrows).

The condensing metanephric mesenchyme is outlined by a dashed line and can

be seen within the Wtl expression domain in both wildtype (figure 2.9c,d,e) and
Dh/Dh (figure 2.9h,i,j,k,l). In the +/+ embryo, however, the condensing
mesenchyme is very defined and there is a close correlation between these cells and
Wtl expression, which makes it easy to identify the boundary of the metanephric
mesenchyme. Wtl is also expressed in the mesenchyme anterior and posterior of the
condensing metanephros, but the expression pattern is different. Anteriorly Wtl is
expressed in the gonadal ridge and in the mesonephric mesenchyme (figure 2.9a,b)
and posteriorly the gene is expressed in the loose mesenchyme dorsal to the
mesonephric duct (figure 2.9f,g).
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Figure 2.9: Wt1 expression in +/+ and Dh/Dh at E11.0: Embryos stained for Wt1 expression were cut transversely at
the level of the developing hind limbs. 100pm thick consecutive sections going from anterior to posterior in +/+ embryo
(a,b,c,d,e,f,g) and Dh/Dh (h,i,j,k,l,m,n). The two panels have been aligned so they most posterior picture shows the
cloaca (g,h; red arrow). The mesonephric duct and ureter are indicated with a red arrowhead. The condensing mesen¬
chyme defining the presumptive kidney is outlined by a dashed line. The developing hindgut is indicated by a black
arrow. Diffuse expression of Wt1 in the lateral flank mesenchyme (white arrowhead).
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In Dh/Dh the expression of Wtl appear to be more diffuse. In the posterior part of the
embryo (figure 2.9m,n) Wtl is expressed in the loose mesenchyme dorsal to the
mesonephric duct in a pattern, which is similar to that observed in wildtype.
However, anteriorly the expression of Wtl does not change, and it is as if the
metanephric condensation extends further anterior in the mutant compared to

wildtype (figure 2.9h,i). Also in the lateral flank the expression of Wtl appear to be
more diffuse than in wildtype (white arrowhead) and in some places the expression
domain almost extends into the limb bud mesenchyme (figure 2.9j).

When looking at HoxclO expression the mesonephric ducts was positioned
outside the HoxclO expression domain in Dh/Dh. This is not the case when looking
at Wtl (red arrowhead). In both +/+ and in Dh/Dh the position of the mesonephric
duct is very similar with respect to the Wtl expression domain. Anterior and adjacent
to the metanephric condensation the mesonephric duct expresses Wtl and is
positioned within the Wtl expressing mesenchyme (figure 2.9a-e and h-1). However,
posterior to the metanephric condensation the mesonephric duct stops expressing
Wtl and gradually extends outside the Wtl expressing mesenchyme (figure 2.9f-g
and m-n). One difference between wildtype and mutant, which is very circumstantial,
but perhaps worth mentioning is that the mesonephric duct is much easier to see in
Dh/Dh. This was also the case when looking at HoxclO expression and it might be an

indication that the duct is enlarged in Dh/Dh embryos.
From the pictures in figure 2.9 it is also obvious that the hindgut is severely

affected in Dh/Dh. In wildtype the gut tube is clearly visible and the gut lumen can

be seen within the endodermal cells (figure 2.9b,c,d; black arrow). Although less
pronounced, endodermal cells are present in Dh/Dh, but the gut lumen has almost
disappeared (figure 2.9i,j,k). This phenotype will be discussed in more detail in
Chapter 4.

The ureter is blocked in Dh/Dh.

Histological analysis of Dh/Dh kidneys suggested that the kidney defect is a

secondary effect resulting from abnormal development and subsequent blockage of
the ureter. To investigate this further, wildtype and mutant kidneys were analysed for
the presence of Calbindin protein (red) and Laminin protein (green). Calbindin is
expressed in the collecting ducts of the developing kidney (Davies, 1994) while
Laminin is expressed in the developing epithelial cells during kidney organogenesis
(Ekblom et al., 1990).
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Figure 2.10: Severe malformations of the ureter in Dh. Double immunohistochemistry detecting the proteins
Calbindin (red) and Laminin (green) at E16.5. Calbindin is found in the collecting ducts of the kidney while Laminin is
found in epithelial cells. The collecting ducts connects the glumeruli at the cortex with the ureter in the middle of the kid¬
ney (white arrow). The ureter (white arrowhead) then connects the kidney to the bladder, (a) In +/+ embryos the size
of the medulla is normal and the ureter is a straight tube, (b) In Dh/Dh the medulla is enlarged and the ureter is bend.
The swelling of the ureter coincide with the first bend (blue arrowhead).
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A sagital section through the middle of an E16.5 wildtype kidney (figure 2.10a)
shows how the glomeruli are located at the cortex (red and green). The collecting
ducts connect the glomeruli at the cortex with the ureter in the medulla (white
arrow). The ureter then leaves the kidney as a straight tube (white arrowhead) and
more posteriorly it connects to the bladder. In Dh/Dh the overall morphology of the
kidney is normal (figure 2.10b). The glomeruli are positioned at the cortex and
connected to the ureter by the collecting tubes. However, due to swelling the lumen
at the medulla is very enlarged thus pushing the collecting duct towards the cortex.
The swelling extends outside the into the ureter, in fact it is in the ureter that the most
dramatic phenotype is seen. The ureter which normally forms a straight tube is
completely bent in Dh animals resembling a corkscrew (white arrowhead). Also,
when leaving the kidney the ureter itself is severely swollen, but the posterior extend
of the swelling coincides with where the bending begins (blue arrowhead). Thus the
swelling of the kidneys appears to be caused by a physical blockage of the ureter
somewhere between the kidney and the bladder.

2.3 Transgenic misexpression of HoxcIO

Hox genes play a key role in determining segmental identity along the anterior-
posterior axis (for review see Krumlauf, 1994) and it has been shown experimentally
that they are required for correct positioning of the limbs (Rancourt et al., 1995;
Gerard et al., 1997; Zakany et al., 1997). Additionally there is evolutionary evidence
that the anterior expression boundary of the HoxlO paralogues always correlates to
the lumbar-sacral transition (Burke et al., 1995). Hence it is possible that the
posterior phenotype observed in Dh is a direct consequence of the shift in HoxcIO
expression. However, at present there are no functional studies confirming that
HoxcIO has a role in positioning the hindlimbs or in kidney development. To
determine whether HoxcIO has a role in the development of the organs it was
decided to ectopically express the gene.

The pHEX construct
The aim was to design a vector, which would allow ectopic expression of HoxcIO in
the lateral flank mesoderm anterior to the hindlimbs. The hypothesis being that an
anterior shift of HoxcIO expression might induce a rostral shift of the hindlimbs
similar to that observed in Dh embryos. However, in addition to misexpressing
HoxcIO the aim was also to make a universal expression vector that could be used to
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express various genes under different enhancers. The pCI vector from Promega was

chosen as a starting point (figure 2.11a) because it contains a chimeric intron and a

SV40 Polyadenylation signal. Both these elements are required for RNA stability and
increase of the steady-state RNA levels within cells (for a detailed description of the
various cloning steps see materials and methods #14).

The first step was to clone the 3'UTR of the zebrafish Pax3 (zPax?-3'UTR;
red) into the pCI vector to give the pPAX3.1 plasmid (figure 2.1 lb; pCI). An
important aspect of the final construct is that expression of the inserted gene can be
detected by RNA in situ hybridisation. Fusion of the inserted gene to a reporter

sequence with no homology to any mouse genes allows expression from the vector to
be detected in a specific manner. A BLAST search to the mouse EST database using
the zPax3-3'UTR failed to pick out any genes suggesting that the sequence has no
homology to any known mouse genes. A plasmid containing the zPax3-3'UTR was

kindly provided by Dr. Peter Currie.
To allow integration of the expression vector into the mouse genome it is

imperative that the vector can be released from the bacterial components of the
plasmid. To facilitate this SacII and Sfil restriction sites were introduced on both
sides of the vector (figure 2.1 lb; pPAX3.1 and pPAX3.2). Both enzymes are rare-

cutters and that should lower the chances that they cut within other components of
the vector. In addition to SacII and Sfi the 5' oligo also contained restriction sites for
NgoMI, KasI and Narl. The purpose of these sites was to insert a second multiple
cloning site (MCS2; purple) 5' of the intron that will allow cloning of tissue specific
enhancers.

The next steps were carried out with the specific aim of HoxclO misexpression
in mind. As described below the enhancer for driving HoxclO expression in the
lateral flank mesoderm is flanked by Hindlll sites. It was therefore necessary to
introduce a Hindlll site in MSC2 (figure 2.1 lb; pPAX3.3 and pPAX3.4). However, in
addition restriction sites for Spel, BamHl and Smal were added to MCS1 while
EcoRV and Bell was added to MCS2. This was done to facilitate subsequent cloning
of genes (MCS1) and enhancers (MCS2).
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Figure 2.11: Cloning of the pHEX construct, (a) Schematic illustration of the Promega pCI vector showing relevant
restriction sites (top) and other important features (bottom), (b) Diagram showing the various cloning steps carried out in
order to obtain the pHEX construct. The restricition enzymes used to cut individual constructs are typed in bold. Blue
indicates that the restriction site is maintained while red indicates that the sites has been deleted (A), (c) The pHEX
construct has been engineered so it contains two multiple cloning sites (purple). MCS1 and MCS2 are positioned in a
manner which allows the integration of a gene and an enhancer respectively. Hence, MSC2 is positioned in front of the
P-Globin Basal-Promoter (green) while MSC1 is positioned between the intron and the Zebrafish Pax3-3' UTR (red). To
release the expression vector from the rest of the construct the whole region is flanked by Sfil and Sacll sites.
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The final step was the insertion of the /3-Globin Basal-Promoter (green)
between MCS2 and the intron (figure 2.11; pPAX3.5). The (3-Globin Basal-Promoter
is required for transcription and has the advantage of being very small (65bp). An
oligo identical to the published sequence of the /3-Globin Basal-Promoter (Yee and
Rigby, 1993) was inserted between MCS2 and the intron.

The resulting construct, Hox gene Expression vector (pHEX; figure 2.1 lc), is a

universal expression construct containing two multiple cloning site (MCS1 and
MCS2) for cloning of genes and tissue specific enhancers respectively. MCS2 is
positioned 5' of the /3-Globin Basal-Promoter bringing the two elements in close
proximity to each other. MSC1 is positioned 3' of the intron and directly in front of
the zP<zx;J?-3'UTR. Any gene cloned into MCS1 will therefore form a fusion product
with zP<2x?-3'UTR allowing expression to be detected using in situ probes specific
for this region. The entire region is flanked by Sfil and SacII sites allowing the
expression vector to be released from the bacterial components.

The pHEXc 10 construct
Ectopic expression of HoxclO required that the full-length cDNA was cloned into the
pHEX vector. The full-length sequence of the murine HoxclO is available on

PUBMED (Accession X63507), so primers including both start and stop codon were

designed. In addition the primers also contained restriction sites for Mlul and Spel.
The full-length HoxclO gene was amplified from an EST (IMAGE no. 1024271) and
cloned into the corresponding sites in pHEX to give the pHEXclO construct (figure
2.12a). To avoid errors introduced during the PCR, a high-fidelity polymerase, Pful,
was used to amplify the HoxclO gene. The promoter region and the HoxclO gene

were sequenced to verify that no errors had been introduced during the cloning
procedure (figure 2.12b). The primers used for sequencing are shown in black and
arrows indicate the direction of sequencing. It was found that the gene integrated was

indeed the full length HoxclO and that the sequence matched the published data (see
appendix I for sequence alignment). The sequence of the /3-Globin Basal-Promoter
also corresponded to previously published data suggesting that pHEXclO is the
correct construct.
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Figure 2.12: The pHEXcIO construct, (a) To make the pHEXcIO construct the murine HoxcIO gene was cloned into
the Mlul-Spel sites of pHEX. The HoxcIO gene and the upstream promoter region was sequenced using the primers
R1, F1, F2, F3 and F4. The primers GF and GR (red) were used for genotyping. (b) Sequence of the pHEXcIO con¬
struct. The primers used for sequencing and genotyping are shown as arrows with the arrowhead indicating the orienta¬
tion of the primer. The true sequence of pHEXcIO matched the expected sequence and alignments of the two are
shown in appendix I.
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Tissue specific enhancers
The aim of this experiment is to drive the expression of HoxclO ectopically in the
lateral flank in the hope that an ectopic boundary will shift the position of the
hindlimbs. An enhancer element driving expression in such a manner has been
isolated from the Hoxb9 gene and characterised in Prof. Krumlauf's lab (Sharpe et

ah, manuscript in preparation) and he kindly agreed to send it to us. At E9.5 the
Hoxb9 enhancer drives LacZ expression throughout the posterior part of the embryo
(figure 2.13; insert). In the neural tube expression extends up to the anterior limit of
the forelimb and in the lateral flank expression stops just posterior of the forelimb.
The same is true at E10.5. At E12.5 expression in the lateral flank has almost
disappeared whereas the neural tube remains positive for LacZ. For this reason this
enhancer element was called NE (Neural Element). The fact the expression disappear
from the lateral flank at E12.5 should not pose a problem for this experiment since
the position of the hindlimbs is established at this stage. At the time of hindlimb
induction high levels of LacZ can be detected in the lateral flank. The Hoxb9-NE
enhancer was therefore cloned into the pHEXclO plasmid to give pHEXclO-NE
(figure 2.13).
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Figure 2.13: The pHEXc10-NE constructs. The pHEXc10-NE construct was made by cloning the Hoxb9 Neural Ele¬
ment (NE) into the pHEXcIO vector. At E9.5 the NE enhancer drives expression Throughout the posterior part of the
embryo but later expression becomes restricted to the neural tube (insert). Restriction analysis of NE element showed
that Sacll cuts somewhere within the enhancer and can therefore not be used to release the insert. The pictures show¬
ing LacZ expression were kindly provided by Dr. James Sharpe.
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Transient transgenic mice
When originally described the Hoxb9-NE enhancer was driving LacZ expression
under control of the Hoxb4 Basal-Promoter. It was therefore necessary to test if the
expression pattern was the same in combination with the /3-Globin Basal-Promoter.
The Hoxb9-NE enhancer was therefore cloned into the pl230 construct, which also
utilises the /3-Globin Basal-Promoter. The resulting construct pGZb9-NE, was
injected into fertilised oocytes to produce transient transgenic mice. The embryos
were dissected out at E9.0 and stained for LacZ activity. It was found that the NE
enhancer can drive expression from the /3-Globin Basal-Promoter and that the
expression is identical to that of the Hoxb4 Basal-Promoter (figure 2.14a, b, c, d).
Importantly, expression could be detected in the lateral flank mesoderm. The next

step was therefore to make transient transgenic mice using the pHEXclO-NE
construct. However, when the pHEXclU-NE was injected very few transgenic
embryos were recovered (table 2.1) and they all appeared to be normal. Hence no

obvious defects could be detected with respect to the position of the hindlimbs.

Table 2.1: Frequency of transgene integration

Construct No of Embryos Percentage
Transient lines Total Transgenic

pGZb9-NE

PHEXclO-NE

13 4

98 5

31%

5%

The low frequency and normal appearance lead us to believe that the pHEXclO-NE
might be lethal when injected. Only in rare occasions when the construct integrates
into a genomic context that results in silencing of the construct, will the embryos
survive. From this it would follow that the transgenic embryos recovered fail to
express HoxclO from the construct and that is why the embryos normal. To test this
hypothesis it was necessary to examine whether or not the expression could be
detected either by in situ or by RT-PCR. But because the frequency of transgenic
embryos was so low it was difficult to obtain enough embryos and it was therefore
decided to make stable transgenic lines. Another added advantage of stable lines is
that they would allow homozygous embryos to be analysed. If expression from the
construct is very reduced then having two copies might result in a phenotype.
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Figure 2.14: Transgenic embryos. The Hoxb9-NE enhancer driving expression of LacZ in transient transgenic embry¬
os. (a) Lateral view of a E9.5 embryo stained for LacZ expression. In the neural tube expression extends from the tail to
the anterior limit of the forelimb (dashed line). In the flank expression stops posterior of the forelimb bud. (b) Frontal
view of the embryo in (a), (c) Lateral view of a E9.0 embryo stained for LacZ expression. In the neural tube expression
extends from the tail to the anterior limit of the forelimb (dashed line). In the flank expression stops posterior of the fore¬
limb bud. (d) Frontal view of the embryo in (c). (e) Bonestain of an adult transgenic mouse from line A214. This line is
positive for the pHEXc10-NE construct which should be expressing the HoxcIO gene under influence of the Hoxb9-NE
enhancer. The number of lumbar vertebrae is reduced from seven to six. The black arrow points to the characteristic
protrusion of the first sacral vertebrae.
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Stable transgenic lines
Again the pHEXclO-NE construct was injected and five independent founder
transgenic lines were established. However, none of them displayed abnormal limb
development. In situ hybridisation was carried out on transgenic embryos from all
five lines using a probe recognising the zPax?-3'UTR, but no expression could be
detected (data not shown). Even RT-PCR failed to detect any expression of the
transgene (data not shown) suggesting that the construct is completely silenced in all
five lines.

However, one transgenic mouse from line A214 was smaller than its littermates
and appeared to be shaking. When examining the skeleton of this mouse it showed a

reduction in the number of lumbar vertebrae from 6-5 (figure 2.14e). But, even in
wildtype a low frequency of mice display a reduction in the number of lumbar
vertebrae and since this phenotype has only been observed in one transgenic mouse it
is unlikely that it is caused by the transgene. This experiment was carried out near
the end of the project, which is why no more animals were examined.

The transgenic insertion causes obesity in line A214
The lack of a limb phenotype or any phenotype in the transgenic mice was very

disappointing. However, it turned out that mice from line A214 suddenly become
very obese when they reach puberty, weighing almost twice as much as their
littermates (figure 2.15). An autopsy showed that the extra weight is due to excess

storage of fat. Hence the internal organs are all encapsulated in fatty tissue (compare
figure 2.15a and b). Using PCR it is possible to confirm that the mice suffering from
obesity are positive for the transgene. However, the assay used for genotyping does
not allow heterozygotes to be distinguished from homozygotes. To determine if the
obese phenotype is restricted to mice homozygous for the transgene a FISH analysis
was carried out by Dr. Muriel Lee. DNA was isolated from three transgenic mice
from line A214 (shown in figure 2.15a, b, c). Two of these mice were obese (b and c)
while one was normal (a). Using the pHEXclO-NE transgene as a probe the FISH
analysis showed that the normal mouse only carried one copy of the transgene, while
both the obese mice carried two copies (figure 2.15d, e). Thus it appears that the
obese phenotype correlates with mice that are homozygous for the transgene.
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Figure 2.15: Obesity in mice homozygous for transgene insertion. Transgenic mice from the A214 strain, (a)
Female transgenic mouse showing normal weight and fat distribution, (b) FISH analysis on a chromosome spread from
the mouse shown in (a). One pair of green spots shows that there is only one integration site and that this mouse is
heterozygous for the transgene insertion (red arrow). The insert shows a magnification of the trangenic insertion, (c)
Female mouse displaying severe obesity. The autopsy demonstrated excessive amounts of fat tissue distributed around
all the internal organs, (d) FISH analysis on a chromosome spread from the mouse shown in (c). Two pairs of green
spots confirm that this mouse is homozygous (red arrows), (e) The obese phenotype also occur in male mice and is
therefore not sex-specific.
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Despite the failure to detect any HoxclO expression during development it is possible
that the obese phenotype is due to misexpression of HoxclO at later stages. However,
it is more likely that the transgene has disrupted another gene while integrating into
the genome. There are two reasons for this. First the obesity phenotype is unique to
line A214 and is not seen in the four other lines carrying the transgene. Secondly the
obese phenotype is restricted to mice homozygous for the transgene. This implies
that the mutation is recessive and not dominant as would be expected if it was due to

misexpression of HoxclO.

2.4 HoxclO knockout mice

Another way to demonstrate that the Dh mutation is acting through HoxclO is to
cross Dh to mice carrying homozygous deletions of HoxclO. If the shift of the
hindlimbs is a direct consequence of ectopic HoxclO expression then the limb
abnormalities associated with Dh might be rescued in the absence of HoxclO.

The HoxclO gene has been knocked out in Prof. Mario Capecchis laboratory
and although the mutational analysis is unpublished he kindly agreed to send us the
mutation. The initial correspondence took place in December 1999. However due to
unforeseen problems the mice did not arrive in Edinburgh until December 2000 and
at this stage I was finishing up my PhD. So unfortunately the results cannot be
presented in this thesis. However, the project has been taken over by Dr. Robert
Watson and hopefully it will provide some direct evidence about the function of Dh.

2.5 Discussion

Is Dh acting through HoxclO?
In mice carrying the Dh mutation the developing hindlimbs are shifted two somites
anteriorly. This correlates with a lumbar-sacral homeotic transformation of the axial
skeleton and an anterior shift ofHoxclO expression in the lateral flank mesoderm.
Experimental studies have demonstrated that altered expression of Hox genes can
lead to homeotic transformations of the axial skeleton and shift the position of the
limbs (Kessel and Gruss, 1991; Rancourt et al., 1995; Fromental-Ramain et al., 1996;
Gerard et al., 1997; Zakany et al., 1997). However, in addition to being shifted, it has
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previously been shown that the mutant limb buds also are abnormal from the time of
induction (Hecksher-Sprensen, 1998; Lettice et ah, 1999a). This early effect on limb
development implies that the limb abnormalities in Dh embryos might be a direct
consequence of the limb shift. Hence, it is possible that the Polydactyly and
oligodactyly observed at later stages are reflecting the abnormal events taking place
earlier in development. Furthermore, the absence of HoxclO expression in the
mesonephric duct might be the cause of the kidney phenotype. It is therefore
tempting to suggest that all the posterior abnormalities observed in mice carrying the
Dh mutation are caused by misexpression of the HoxclO gene. That way the shift of
the hindlimbs, the late limb defects, the axial abnormalities and the kidney defects
could all be contributed altered expression of HoxclO. However, there are several
questions that need to be answered. For example it is not known whether HoxclO has
the capacity to shift the position of hindlimbs. Also it is unclear whether the entire
spectrum of limb abnormalities in Dh animals can be accounted for just by shifting
the hindlimbs. A number of experiments were designed in order to answer some of
these questions (HoxclO misexpression and HoxclOrescue), but at the moment
none of them have produced any conclusive evidence. However, there are other lines
of evidence, which might help understand the nature of the Dh mutation. But, while
some of them seem to favour the idea that Dh could be acting through HoxclO others
suggest that the effect Dh has on development is more complex and that the mutation
is acting at several stages independently of each other.

Can the shift in HoxclO expression account for all abnormalities in the
hindlimbs?

There are several examples in the literature demonstrating that alterations in the
expression of Hox genes can lead to either anterior or posterior transposition of the
sacrum. Thus, administration of Retinoic Acid (RA) to pregnant mice (Kessel and
Gruss, 1991), deletion of ActRIlb (Oh and Li, 1997) and Bmpll (McPherron et al.,
1999) all lead to a posterior shift of the hindlimbs and an increase in the number of
lumbar vertebrae. Nevertheless, the hindlimbs in these mice develop completely
normal. A possible explanation for this might be that the limb shift appears to be part
of a general homeotic transformation, which affects the entire axial skeleton and in
agreement with this the expression patterns of several Hox genes are affected. That
way all HoxlO paralogues, which act in concert to determine the lumbar-sacral
transition (Burke et al., 1995), are shifting together and maintain the appropriate Hox
identity along the anterior posterior axis. These examples might therefore not be true
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reflections of the Dh phenotype, because in mice carrying the Dh mutation only the
expression of HoxclO is shifted anteriorly. Other Hox genes such as HoxalO, HoxdlO
and Hoxdll are unaffected and as a result the hindlimbs are positioned outside their
appropriate Hox domains. Presumably this is an important aspect of the Dh
phenotype because in addition to defining the axial positions of the limb buds the
Hox code might also be required for determining cell identity within the limb bud.
Thus it has been shown that Hoxb8 might be required for determining ZPA activity
within the forelimb (Charite et al., 1994). So shifting the hindlimbs without shifting
the expression domains of the majority of Hox genes could help to explain the severe

limb abnormalities observed later in development.
Lumbar-sacral transpositions have also been observed in mice carrying

targeted mutations only affecting a particular Hox gene (Fromental-Ramain et al.,
1996; Gerard et al., 1997; Zakany et al., 1997) and therefore might be more similar to
Dh. In two of these mutants the hindlimbs develop normally, but in one experiment
the axial abnormalities coincide with preaxial Polydactyly of the hindlimbs. When
Hoxdll is expressed under the control of a conserved enhancer element from
zebrafish the anterior boundary of expression is shifted anteriorly (Gerard et al.,
1997). This later manifest itself as a reduction in the number of lumbar vertebrae
from 6-5 and extra digits on the anterior side of the hindlimb. Hence the early events
and the late limb phenotype are almost identical to those seen in Dh/+. However,
even in these transgenic mice it is not completely clear whether the extra digits are a

direct consequence of the limb shift. In addition to shifting the anterior boundary of
expression in the body, the fish enhancer also drives expression of Hoxdll in the
anterior mesenchyme of the hindlimbs. Hoxdll is normally excluded from this
region and it cannot be ruled out that it is the expression in the limb mesenchyme,
which causes the digit duplication. In concordance with this, misexpression of
Hoxdl2 in the anterior limb mesenchyme can induce Shh expression and digit
duplications (Knezevic et al., 1997).

Another possibility is that the Dh phenotype is more complex and that the
mutation affects limb development at several stages independently of each other.
There are various observations in support of this theory. For example, there is
indirect evidence that Dh has a role during limb development independent of the
shift. In most descriptions of the Dh phenotype it is reported that the mutation only
affects the hindlimbs (Searle, 1964; Green, 1967). However, under special
circumstances mice carrying the Dh mutation also display forelimb abnormalities.
Hence it has been reported that Dh homozygotes show abnormal cell death in the
forelimbs but without affecting the limb phenotype (Rooze, 1977). When the Dh
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mutation is combined with other limb mutations such as Xt, Ssq and Ix to produce
double heterozygotes the compound mutants display preaxial Polydactyly in the
forelimbs. None of these mutations (except Xt) affect the forelimbs as single
heterozygotes, suggesting that they are interacting with Dh during forelimb
development. Consequently, Dh must have a subtle role in forelimb development,
which has been undetected because of the normal looking phenotype. Also, the
phenotypic effects of the Dh mutation depend on genetic background. At the MRC
Human Genetics Unit the Dh mutation is kept on a C57BL6 background and this
gradually leads to an increase in severity of the Dh phenotype until the heterozygous
mice become infertile due to genital abnormalities (materials and methods #40). On
rare occasions, when the phenotype became very severe, sporadic cases of preaxial
Polydactyly in the forelimbs could be observed in homozygous animals (personal
observation). No attempts were made to analyse this further because the
heterozygous sterility would result in loss of the colony. Nevertheless, in context
with the other experiments it confirms that the Dh mutation does affect forelimb
development. Assuming the mechanism for anterior-posterior patterning is conserved
between the fore and hindlimbs, this implies that Dh does have second effect during
limb development independent of the shift. Because the forelimbs are not shifted in
Dh mice.

In chickens ectopic limbs can be induced in the lateral flank between the fore
and hindlimb (Cohn et al., 1995). The polarity of these limbs is reversed but
otherwise they develop normally. That would suggest that the ectopic limbs have the
capacity to recruit and organise the surrounding tissue. This idea is further
strengthened by the observation that induction of ectopic limbs leads to
respecification of the Hox9 paralogues in the lateral flank mesoderm (Cohn et ah,
1997). If limbs can be induced anywhere between the fore and hindlimbs with no

effect on subsequent development it is not immediately obvious why an anterior shift
of the hindlimbs in Dh should result in Polydactyly or oligodactyly. However, one
possibility, which could explain the severity of the late limb phenotype, is that the
shift causes the hindlimbs to have dual fore and hindlimb identity. In chicken it has
been demonstrated that ectopically induced limbs display dual identity so the anterior
part of the limb has wing identity and produce feathers while the posterior part of the
limb has leg identity and produce scales (Ohuchi et al., 1998). This dual identity is
reflected early in limb development by the expression of the forelimb specific gene

Tbx5 in the anterior part of the limb bud and the hindlimb specific gene Tbx4 in the
posterior part. The expression of Tbx5 and Tbx4 was examined in Dh but found to be
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normal (data not shown) indicating that the shift of the hindlimbs has no effect on the
identity.

In fact the limb induction experiments raises several questions concerning the
limb shift observed in Dh animals. For example, if the limb has the capacity to
reorganise the expression boundaries of Hox genes in the lateral flank why is HoxdlO
and HoxalO not shifted with the limb? Also if the limb can alter Hox gene

expression, is the shift of HoxclO expression in the flank then induced by the shifted
limb? If so, could the limbs be shifting independently of Hox genes? Attempts were

made to answer some of these questions by looking at Hox gene expression prior to
limb induction (E9.5). However, at this stage the myotomal expression ofMyogenin
can only be detected a few segments posterior to the forelimb and does therefore not
overlap with the Hox expression. Without this marker the shift can not be measured
with confidence since the somites are not visible after the in situ process. These
results have therefore not been included in the analysis. Also, it was believed that the
experiments manipulating HoxclO expression would provide answers to some of
these questions.

The nerves have maintained some of their original identity
When looking at the nerves innervating the hindlimbs in Dh it is immediately clear
that the migrating nerves are unorganised in the mutant embryos. As a consequence

of the limb shift the hindlimbs are innervated by nerves that would normally
innervate the flank. However, it appears that these nerves display dual identity. In
wildtype embryos the lumbar nerves projects lateral processes and can therefore
easily be distinguished from the sacral nerves in which these projections are missing.
In Dh embryos the nerves innervating the hindlimbs send out lateral projections
indicating that they behave in a manner characteristic for lumbar nerves. It has
recently been shown that HoxalO and HoxdlO are required for normal innervation of
the hindlimbs in mouse (Wahba et al., 2001) and on basis their own results and other

experiments the authors suggest that HoxclO play an insignificant role in determining
nerve identity. Additionally it has been demonstrated that ectopic limbs induced in
the lateral flank of chicken embryos can attract nerves to ensure that they are

innervated correctly (Ohuchi and Noji, 1999). Together these results might help
explaining the Dh phenotype. HoxclO can shift the position of the limbs but has no
role in specifying nerve identity. Therefore the identity of the nerves is specified
according to the expression of HoxalO and HoxdlO, which are expressed normally in
Dh. At the same time the developing limb buds have the capacity to attract nerves
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and as a result the lumbar nerves are migrating into the developing limb bud, but
because they maintain lumbar identity they also send out lateral projections.

It is possible that the primary effect of the Dh mutation is misregulation of
HoxclO expression, and the homeotic transformation of the lumbar vertebrae and the
shift of the developing hindlimbs would be a direct consequence of this. However,
other phenotypes such as the abnormal innervation of the hindlimbs are probably an
indirect effect, which arises because the shifted hindlimbs are attracting the wrong

nerves. The nerve phenotype therefore demonstrates an important aspect of the Dh
mutation, namely that the misexpression of one Hox gene can have severe effects on

subsequent development because it shifts the position of an organ into a different
Hox environment. In this situation the phenotype of the hindlimbs is subsequently
enhanced because they are shifted out of register with the general Hox code and as a

result the lumbar nerves try to innervate the limbs. Therefore it cannot be ruled out
that it is the shift of the hindlimbs that gives rise to Polydactyly and oligodactyly in
Dh mice. On the other hand there are several lines of evidence to suggest that the Dh
mutation also have a direct effect during limb development and it is equally possible
that the late limb phenotype develops independently of the shift. However, the final
outcome of the limb phenotype in Dh is probably much more complex than the data
described in this chapter suggests, and perhaps it is a combination of the shift and
other effects occurring during limb development.

The hydronephrosis is due abnormal development of the mesonephros
The pleiotropic phenotype of the Dh mutation affects both the hindlimbs and the
kidneys. In the hindlimbs the mutation specifically affects the anterior tissue
resulting in loss of preaxial structures (Hecksher-Sprensen, 1998; Lettice et al.,
1999a). It has been found that in humans born with preaxial abnormalities 30% also
suffer from deficiencies in the urogenital system (Evans et al., 1992). This strong
association between preaxial limb abnormalities and kidney defects implies the
existence of a developmental link between the two organs. As described above it
appears that the limb shift observed in Dh can be accounted for by the shift in
HoxclO expression. Whether, the late limb phenotype also can be attributed to
HoxclO is not clear. However, if there is a link between the limb phenotype and the
kidney phenotype in Dh, then HoxclO would be a good candidate.

It has previously been reported that mice homozygous for the Dh mutation are

born with hydronephrotic kidneys while heterozygotes occasionally develop
hydronephrosis later in life (Higgins, unpublished data). The results presented here
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supports this observation and all homozygous animals analysed displayed
hydronephric kidneys. When sectioned the mutant kidneys appear very abnormal
because of the large swelling around the medulla. However, following closer
examination looking at the individual structures within the kidney it appears that the
mutant kidneys are relatively normal. This conclusion is even more apparent at
earlier stages. At E14.5 when the swelling is less pronounced. At this stage the
expression of genetic markers such as Wtl is normal. These results therefore suggest
that the kidneys develop normally in Dh/Dh, and the abnormal appearance is due to a

build up of fluids within the kidney. In concordance with this conclusion the swelling
is not restricted to the kidney but extends into the ureter and coincide with what
looks like a physical blockage. This has recently been confirmed by Dr. Robert
Watson, who showed that fluids are unable to pass from the kidney to the bladder in
Dh/Dh. Thus it appears that the kidney phenotype in Dh is secondary. The primary
effect is abnormal development of the ureter, resulting in a physical blockage
somewhere between the kidney and the bladder.

Interestingly, the ureter develops from the posterior part of the mesonephric
duct and in situ analyses have shown that HoxclO is expressed in the mesonephric
duct in wild type embryos but excluded in mutant embryos. However, it is unclear
whether this phenotype is due to misregulation of HoxclO or whether the
mesonephric duct has been misplaced outside the HoxclO expression domain.
Presumably it's the later since the dorsal mesenchyme is known to be affected in Dh
mice (this is based on data presented in chapter 4). Either way, this can probably be
ignored, because the important finding is that the mesonephric duct is developing
outside its normal context and this might account for abnormal appearance observed
later in development. Nevertheless, apart from being expressed in the correct place
(Hostikka and Capecchi, 1998), there is no direct evidence linking HoxclO to a role
in renal development. However, other Hox genes have been associated with
hydronephrosis and blockage of the ureter similar to the abnormalities observed in
Dh. Mice carrying targeted mutations in both Hoxal3 and Hoxdl3 display severe

hydronephrosis of the ureter and kidneys (Warot et al., 1997) and although, the
function of HoxclO is unknown, these results confirm that Hox genes are involved in
the development of the ureter.

Throughout this chapter it has been emphasised that the Dh phenotype is
mediated by HoxclO. However, it should be stressed that all changes in HoxclO
expression are secondary, presumably caused by misexpression of Gli2 or Inh/3b, the
candidate genes for Dh. It is therefore possible that the kidney phenotype is unrelated
to HoxclO; instead the abnormalities could be induced directly by Inhj3b. The
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evidence for this is based on experiments examining the role of Gata.2 in
development. Mice carrying a targeted deletion of the Gata2 gene die mid-gestation
due to haematopoietic failure (Tsai et al., 1994). Introduction of a YAC containing
the Gata2 gene allows the Gata2'A embryos to complete gestation, however, the
newborn pups die soon after birth from urogenital abnormalities (Zhou et al., 1998).
Analysis of the mice revealed hydronephrosis and blockage of the ureter almost
identical to the phenotype observed in Dh. Interestingly, in Xenopus Gata2 is
regulated by activin (Walmsley et al., 1994) and in mouse there is evidence that
Gatal and Gata4 are transactivators of Inhfib (Feng et al., 2000), suggesting a direct
link between the Gata genes and Inh/3b.

Is there a correlation between the limb and kidney abnormalities in Dh?
It has been shown that the Dh mutation affects both limb and kidney development at
early stages. But this does not explain why defects in these organs occur

simultaneously at such a high frequency. However, it seems like "an early effect"
and proximity is the best way to explain this developmental link. From the Wtl in
situs it is clear the hindlimbs and the mesonephros are positioned very close to each
other. Hence, the mesenchyme contributing to the two organs is lying adjacent to
each other during early stages of development. Any mutation affecting the identity of
this mesenchyme might therefore affect development of both organs. At the moment
the best explanation as to how Dh affects both limb and kidney development is
therefore, that the mutation affects various tissues in the posterior part of the embryo,
either directly through Gli2 or Inhfib or indirectly through a gene like HoxclO. This
happens early in development presumably prior to E9.5 and alters the identity of the
mesenchyme required for normal development of the limb and ureter. The hindgut
phenotype, which will be discussed in chapter 4, is another aspect of the Dh mutation
pointing in this direction.

2.6 Conclusion

Mice carrying the Dh mutation display a number of abnormalities in the posterior
part of the body including an anterior shift of the hindlimb buds, homeotic
transformations of the lumbar vertebrae and abnormal innervation of the hindlimbs.

These abnormalities coincide with an anterior shift of HoxclO expression. Attempts
have been made to demonstrate that the Dh phenotype is mediated through HoxclO
but at present no conclusive evidence have been obtained.

76



Hydronephrosis of the kidneys observed in mice carrying Dh mutation is a secondary
effect caused by abnormal development of the ureter. During early stages of kidney
development the mesonephric duct is located outside the expression domain of
HoxclO. This is presumably due to a physical displacement caused by changes in the
mesenchyme surrounding the mesonephric duct. As a consequence the mesonephric
duct undergoes abnormal development, resulting in blockage of the ureter. This
blockage eventually leads to a build up of fluids around the medulla in the kidneys.

An important aim of this project was to investigate the proposed relationship
between limb and kidney defects (Evans et ah, 1992). The results presented in this
chapter strongly imply that misexpression of HoxclO is responsible for both
phenotypes. However, this is only applicable to Dh and does explain why combined
preaxial limb abnormalities and kidney defects occur at such a high frequency in
humans. Neither does it indicate whether or not the mesonephros is required for
induction of the limbs. But, the fact that HoxclO is expressed in the mesenchyme,
which at early stages represents the presumptive limb mesenchyme and surrounds the
mesonephric ducts, suggests that other genes expressed in this mesenchyme might
affect the development of both organs if mutated.
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Chapter 3: Confocal microscopy of gene expression

3.1 Introduction

Large-scale projects such as mutagenesis screens and genome sequencing are

providing developmental biologists with increasing numbers of genes involved in
embryogenesis. In order to understand the roles of these genes it is informative to
examine their expression, as the spatial and temporal distribution often reveals
important clues about the function of a gene. Whole mount in situ hybridisation
gives a good general idea of which parts of the embryo a gene is expressed in. When
more exact information is required, a common approach is to perform in situ
hybridisation on thin serial sections, allowing the expressing tissues to be examined
in detail. However, the spatial relationships of tissues within the embryo are often
lost when examining individual sections. To overcome this problem methods have
been developed which can reconstruct the 3D shape of expression patterns from a

series of sections (Baldock et al., 1997). The resultant reconstructions aid in

understanding an expression pattern, but the complete procedure (cutting, staining,
digitising and processing hundreds of sections) is time-consuming, and consequently
not ideally suited to the analysis of large numbers of genes. As the number of genes
to be examined increases, new techniques are needed for capturing this data, which
are simple enough and fast enough that researchers can perform them as part of a
routine analysis. Ultimately, 3D reconstruction will be a useful format to store entire
expression patterns, as they can be transmitted over the Internet for examination by
other researchers. Creating a 3D reconstruction using thin sections is laborious not
only due to the large number of sections to deal with, but also due to the difficulty of
realigning the sections correctly to recreate the original shapes of the embryo. One
way to avoid both of these problems, is to use non-invasive imaging techniques
which perform virtual sectioning of the tissue and produce inherently registered data,
for example, the use of magnetic resonance imaging (MRI) for capturing the 3D
pattern of reporter-gene expression within Xenopus embryos (Louie et al., 2000). An
alternative and more widely accessible technique is confocal laser scanning
microscopy (CLSM). While routinely used for observing the distributions of proteins
by fluorescence immunohistochemistry (Mohun et al., 2000), CLSM has not been
used to map gene expression patterns in mouse.
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A method was developed together with Dr. James Sharpe and published in
Mechanism of Development (Hecksher-Sprensen and Sharpe, 2001; see Appendix
VI), for creating 3D reconstructions of gene expression patterns, which is faster and
easier than thin-section methods. It relies on the combination of four widely used
techniques: Whole mount in situ hybridisation using Fast Red as a substrate for the
alkaline phosphotase, thick vibratome sections, confocal laser scanning microscopy,
and software for reconstructing confocal data. We have found that both resolution
and morphology are superior to standard wax sections. However, in addition to 3D
reconstructions, this technique is very useful for high-resolution analysis of gene
expression at the single-cell level in 2D. Initially this was seen as a secondary
advantage, but it later turned out to be extremely useful for studying the gut

phenotype in Dh (chapter 4).

Much effort was put into demonstrating that the method works and this resulted in
large amounts of data that was not published. Neither does it fit into the other
experimental chapters. I therefore present a short chapter showing some of these
results. 3D models of some of the data can be accessed at genex.hgu.mrc.ac.uk.

3.2 Verification of the method

Neural tube expression
It turned out that many of the genes examined in the spleno-pancreatic region
(chapter 4) also are expressed in the developing neural tube. The neural tube is
extremely compartmentalised making it a nice tissue for studying gene expression.
Often genes that are expressed in the developing neural tube will show very defined
boundaries, ie. a gene is expressed in one subset of cells with no expression in the
neighbouring cells.

The Shh pathway is believed to have an important role in setting up this
compartmentalisation (Ericson et ah, 1995). The expression of Shh and other
members of the Shh pathway were examined at E9.5. As previously reported Shh was

found in the dorsal notochord and the ventral floorplate of the neural tube (Roelink et

al., 1994); figure 3.1a). Patched, the receptor of Shh, is normally activated in cells
adjacent to Shh
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Wild type

Figure 3.1: Gene expression in the developing neural tube, (a) Expression of Shh at E9.5. (b) Expression of
Patched at E9.5. (c) Expression of G//2 at E9.5. (d) Expression of Hoxb8 at E10.5. (e) Expression of Bmp7 at E10.5. (f)
Expression of Bmp11 at E10.5. (g) Expression of Bapxl at E10.5. (h) Expression of Sox9 at E10.5. (i) Expression of
Bmp4 at E10.5. (j) Expression of Fgf13 at E10.5. (k) Expression of FgfR1 at E10.5. (I) Expression of FgfR3 at E10.5.
(nt) neural tube, (fp) floor plate, (nc) notochord, (m) surrounding mesenchyme, (dg) dorsal root ganglia and (mn) motor
neurons.
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expressing cells (Stone et al., 1996; Goodrich et al., 1996). At E9.5 Patched is
expressed in the ventral part of the neural tube and in the mesoderm surrounding the
notochord, presumably in response to Shh signalling. GU2 is reported to be a

repressor of Shh (Aza-Blanc et al., 2000). At E9.5 Gli2 is expressed in the dorsal part
of the neural tube (figure 3.1c). This expression pattern corresponds with previously
published data (Goodrich et al., 1996). Whereas the expression of both Shh and
Patched is relatively easy to visualise using in situ hybridisation, Gli2 expression is
much more difficult to detect, presumably due to lower levels of expression.
Elowever, using the confocal microscope even the low levels displayed by GU2 can

easily be detected, demonstrating the sensitivity of this method.
At E10.5 Hoxb8 is expressed at very high levels along most of the developing

neural tube and the dorsal root ganglia (figure 3.Id). However, expression is
specifically excluded from the ventral region where the developing motor neurons
are located. Bmp7 is also expressed in the developing neural tube but the expression
is the exact opposite of that of Hoxb8 (figure 3.1e). Thus Bmp7 is expressed in the
developing motor neurons and in the mesenchyme surrounding the dorsal root
ganglia. Bmpll is expressed in the dorsal root ganglia and laterally in the neural tube
dorsal to the motor neurons (figure 3. If). It appears that the expression of Bmpll is a

dorsal continuation of Bmp7 although the expression domains of the two genes do
not overlap.

A different set of genes was found to be expressed in the mesenchyme
surrounding the neural tube. Bapxl expression is completely excluded from the
developing neural tube and dorsal root ganglia but can be detected in the
mesenchyme surrounding the notochord (figure 3.1g). Sox9 is also expressed in the
mesenchyme around the notochord although the expression domain is slightly wider
than that of Bapxl (figure 3.1h). Also Sox9 expression could be detected in the
medial part of the neural tube dorsal to the floor plate. The expression pattern of
Bmp4 is very similar to that of Bapxl except Bmp4 is also expressed in the dorsal
root ganglia (figure 3.1i). In contrast to Bmp7 and Bmpll, Bmp4 is not expressed in
the ventral part of the neural tube.

Finally the expression of some Fgf's and Fgf receptors was examined. Fgfl3
was found to be expressed at high levels in the developing motor neurons and in the
dorsal root ganglia (figure 3. lj). Low levels of Fgf13 expression could be detected in
the dorsal part of the neural tube while the gene is off in the ventral part and in the
surrounding mesoderm. FgfRl is expressed throughout the mesenchyme surrounding
the neural tube, but can only be detected at low levels in neural tube itself (figure
3.1k). Low expression could also be detected in the developing motor neurons and in
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the dorsal part of the neural tube. FgfR3 is expressed at high levels in the floor plate
and medial part of the neural tube (figure 3.11). Expression is excluded from the
motor neurons and surrounding mesoderm.

Hoxb9 is expressed around the growing nerves
While examining the expression of genes in the developing neural tube it became
clear that Hoxb9 in addition to being expressed in the neural tube and dorsal root
ganglia could also be weakly detected the region of the growing nerves (figure 3.2a).
This expression pattern has not previously been reported and therefore prompted a
closer examination. Because the Fast Red technique can utilise the advantages
associated with confocal microscopy it was possible to acquire high power images of
the relationship between Hoxb9 expression and the migrating nerves. The fact that
the technique is non-invasive means that gene expression can be studied in detail in
intact tissue. This turned out to be an advantage when looking at fragile structures
such as nerves.

Examining the tip of the migrating nerve at higher power (the highlighted area
in figure 3.2a) it becomes clear that Hoxb9 is expressed close to the nerve fibre, but
not in the nerves themselves (figure 3.2b). Elowever, at the tip of the nerve,

expression is more widespread and it is unclear whether Hoxb9 expression precedes
the migrating nerves or if the main nerve fibre has branched out so individual fibres
no longer can be detected. Even at higher magnification (the highlighted area in
figure 3.2b) it is still not possible to see whether the nerve has branched and if there
are individual nerve fibres between the Hoxb9 expressing cells (figure 3.2c).
Nevertheless, at this resolution individual cells expressing Hoxb9 can easily be
identified at what is assumed to be the distal limit of the growing nerve.

To further investigate the relationship between Hoxb9 and the extending
nerves, El 1.5 wild type embryos were stained simultaneously for Hoxb9 expression
and with an anti-neurofilament antibody (Nf-160) that specifically recognises
differentiated nerve cells. At El 1.5 the embryo is a day older than the embryo shown
in figure 3.2a-c and at this stage the nerves have extended into the limb buds. Hence
the remaining images in figure 3.2 have been captured in the ventral half of the
developing forelimb. At El 1.5 Hoxb9 is still expressed in the cells surrounding the
tip of the migrating nerve (figure 3.2d).
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Figure 3.2: Hoxb9 expression in the mesenchyme surrounding the tip of the migrating neurons, (a) Hoxb9
expression in the neural tube and dorsal root ganglia at E10.5. Weaker expression can also be seen in association with
the motor neuron extending from the dorsal root ganglia, (b) Magnification of the area highlighted in (a). Hoxb9 is
expressed in the mesenchyme surrounding the growing nerve, (c) At even higher magnification individual Hoxb9
expressing cells can be seen dispersed around the tip of the growing nerve, (d) Hoxb9 expression in the mesenchyme
surrounding the migrating nerve (dashed line). The image is captured in the ventral half of the developing forelimb at
E11.5. (e) Antibody staining against NF160 in the same section. Individual nerves can be seen (arrows), (f) Merged
image combining Hoxb9 expression (d) and NF160 protein (e). (g) High power magnification of Hoxb9 expression in the
same nerve, (h) Antibody staining against NF160 in the same section, (i) Merged image combining Hoxb9 expression
(g) and NF160 protein (h). The number in the lower left corner of each image indicates the power of the objective used
when capturing the image, (nt) neural tube, (dg) dorsal root ganglia and (mn) migrating nerve.
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The extent of Hoxb9 expression is outline by a dashed line. The Hoxb9 expressing
cells that could be seen around the extending nerve at E10.5 can no longer be seen.

Looking at Nf-160 protein it is clear that the tip of the nerve is branching, and
smaller bundles of nerves diverging from the main fibre can be seen (figure 3.2e;
arrows). Indeed, when the two images are merged it is obvious that the extent of
Hoxb9 expression coincides with the tip of the migrating nerves (figure 3.2f). The
same can be seen at an even higher magnification (figure 3.2g, h, i). Here the
extreme end of a nerve fibre is shown and it appears that Hoxb9 expression is
restricted to the cells that are in close proximity to the nerve.

At later stages of development a particular cell type called Schwann cells
surround all the peripheral nerves. These eventually lay down the myelin sheath that
insulates the myelinated nerve fibres and are of primary interest in understanding
myelin disorders. Definitive Schwann cells (as recognised by a number of criteria
including expression of specific markers) are first detected in association with the
nerves at about E15.5 in the mouse. Lineage analysis has shown that the Schwann
cells are of neural crest origin (Frank and Sanes, 1991) and it is believed that these
cells migrate with the extending nerves as they project through the trunk of the
embryo. Although no markers exist to visualise the cells in place on the nerves

before E15.5, primary culture experiments have identified a population of cells,
which occupy the nerves from as early as E12.5. These cells are of neural crest origin
and are capable of differentiating into definitive Schwann cells under very specific
culture conditions (Jessen et al., 1994; Dong et al., 1995) and are referred to as

Schwann cell precursors. Schwann cells follow a multistep pathway of differentiation
and although a number of the steps can be reproduced and examined in culture
(Murphy et al., 1996), very little is know about what happens in vivo between the
initial migration of the neural crest cells from the neural tube and the formation of
definitive Schwann cells in place on the nerves 5 to 6 days later.

The results shown in figure 3.2 clearly demonstrate that Hoxb9 expression is
closely associated with the tip of the growing nerves, and it is intriguing to speculate
that the cells expressing Hoxb9 are Schwann cell precursors. What the possible roles
of Hoxb9 expression in these cells might be, are still very speculative. Although the
Hoxb9 gene has been knocked out, the phenotypic analysis does not report any nerve
defects (Chen and Capecchi, 1997; Medina-Martinez et al., 2000), so at present there
are several questions that need to be answered, i) Are these cells of neural crest
origin and in the Schwann cell lineage? ii) Are the Hoxb9 cells migrating together
with the growing nerves? If they are, are they guiding the nerves or are they

84



passively following the same path? iii) Is Hoxb9 expression dependent on physical
contact with the nerves?

To address some of these questions the project is continued by Dr. Paula
Murphy at the MRC Human Genetics Unit who has a particular interest in Schwann
cell differentiation and hopefully it will reveal new insights into the functions of
Hoxb9.

Studying gene interactions
Another interesting aspect of using confocal microscopy to visualise gene expression
is the possibility of studying gene interaction. In the future the demand for
understanding how genes affect each other will undoubtedly increase and in order to
get an exact idea of how two genes interact, it will be necessary to study their
expression patterns at the single cell level. To demonstrate that the Fast Red
technique has the capacity to do this the expression of Shh and Pdxl was analysed in
the developing pancreas at E9.5. It has been shown that turning off Shh in the dorsal
pancreatic endoderm is essential for pancreas development (Apelqvist et ah, 1997).
Pdxl on the other hand is expressed exclusively in the developing pancreas at E9.5
and it is therefore tempting to suggest that these two genes might be interacting with
each other.

At E9.5 strong Shh expression was detected in the middle of the endoderm but
expression was excluded from the dorsal pancreatic bud (figure 3.3a). The
distribution of the PDX1 protein was visualised using antibodies. As expected PDX1
was found in the nuclei of cells in the dorsal pancreatic endoderm (figure 3.3b), but
from the merged image it became clear that the relationship between the two genes is
not defined by a specific boundary. Thus there are several cells separating the two
expression domains, which do not express either gene (figure 3.3c; flanked by
arrows). However, since Shh is a secreted molecule it has the capacity of acting over
a distance and could therefore affect Pdxl expression several cell diameters away.

To see if the distance of Shh diffusion corresponded roughly to the repression
of Pdxl, the expression of Patched was analysed. In addition to being a mediator of
Shh signalling Patched is also activated in response to Shh signalling and can
therefore be used as an indicator of Shh diffusion (Goodrich et ah, 1996). As
previously reported (Apelqvist et ah, 1997), Patched is expressed at high levels in
the mesoderm adjacent to the Shh expressing endoderm, while no transcripts could
be detected in the mesoderm dorsal to the to the pancreatic endoderm (figure 3.3d).
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Figure 3.3: Shh is down regulated in the pancreatic endoderm. (a) Shh expression in the gut endoderm at E9.3.
Transverse section at the level of the forelimbs. (b) PDX1 antibody staining of the same section, (c) Merged image
combining Shh expression (a) and PDX1 protein (b). Cells that does not express either gene are flanked by arrows, (d)
Patched expression in the mesoderm surrounding the gut endoderm at E9.5. Transverse section at the level of the
forelimbs. (e) PDX1 antibody staining of the same section, (f) Merged image combining Patched expression (d) and
PDX1 protein (e). The mesenchymal extent of Patched is marked by an arrow, (dp) dorsal pancreatic bud, (en)
endoderm, (lb) liver bud, (cc) coelomic cavity and (Ip) lateral plate.
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PDX1 was restricted to dorsal pancreas (figure 3.3e). However, in contrast to Shh the
dorsal boundary of Patched expression in the mesoderm correlates well with the
ventral limit of PDX1 distribution (figure 3.3f; arrow). This indicates that diffusion
of Shh could be responsible for repressing Pdxl expression in the endoderm and
therefore defining the ventral limit of PDX1 protein. However, the opposite scenario
where PDX1 is defining the dorsal limit of Shh expression can be ruled out because
PDX1 is a transcription factor and will only effect gene expression in cells where the
protein is present.

It should be pointed out that these experiments are very preliminary and
although the results are indicative they are not conclusive. The two embryos analysed
are not exactly stage matched (the patched embryo is slightly older) and gene

expression is very dynamic at this stage. It is therefore possible that Shh and Pdxl at
slightly later stages are expressed in cells adjacent to each other.

3.3 Discussion

The expression patterns of the genes shown in figure 3.1 are all distinct. In most
cases the expression domains are defined and the boundaries between expressing and
non-expressing cells is very distinct. This clearly demonstrates that the resolution of
the technique is high, even at the single cell level. However, because the Fast Red
technique relies on the embryos being stained as whole mounts, the penetration of
probes and antibodies becomes an important factor. The embryos that are pictured in
this thesis were generally stage E9.5 or E10.5 and at these stages penetration does
not appear to be a significant problem. However, at stages older than E10.5 probes
and antibodies cannot penetrate to the centre of the embryo and the results will
therefore no longer reflect the real expression pattern i.e. they become weaker
towards the middle. But at El 1.5 most organs have been defined so one way to
overcome the problem of penetration is to dissect out the organs and process them
individually.

It immediately became clear that the high resolution offered by the confocal
microscope would be ideal for looking at more than one gene product, as has been
demonstrated here using a combination of immunohistochemistry and in situ
hybridisation. Efforts were made to find other fluorescent substrates that would work
together with Fast Red allowing double in situs, but unfortunately substrates such as
ELF (ELF is another fluorescent substrate for alkaline phosphotase) did not work
with the confocal. Also, instead of using enzymatic amplification attempts were
made to use fluorescently labelled secondary antibodies, but that also failed. The
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only way it was possible to visualise two gene products at the same time was to use a

combination of immunohistochemistry and in situ hybridisation. This requires some

optimisation of protocols and it does not circumvent the problem that antibodies
against the gene of interest must be available. Nevertheless, it is a step in the right
direction and the results in figure 3.2 and figure 3.3 clearly demonstrate that the Fast
Red technique has the capacity of analysing two gene products simultaneously at the
single cell level. Another interesting aspect of this technique, which remains to be
tested, is to look for differences in distribution between RNA and protein products of
the same gene.

3.4 Conclusion

The Fast Red method can be used to visualise gene expression in intact tissue at the
single cell level. In combination with immunohistochemistry two gene products can

be visualised simultaneously making this method ideal for studying gene interaction
at a very high resolution.
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Chapter 4: The gut phenotype

4.1 Introduction

At E9.5 the endoderm of the stomach and pancreas is positioned in the middle of the
embryo between the developing forelimbs. The endoderm is surrounded by
mesoderm that is flanked by a layer of mesothelium on both sides. These mesothelial
layers flanking the anterior gut were first described by Green in 1967 and termed the
Anterior Splanchnic Mesodermal Plate (ASMP). During subsequent development the
gut rotates, and at E10.5 the stomach and spleno-pancreatic region is positioned at
the left side of the embryo. This rotation coincides with a thickening of the
mesothelium on the left side while the mesothelium on the right side becomes
thinner. As a result, a ridge like structure can be observed on the left/dorsal side of
the gut mesoderm at E10.5, which we have termed the Splanchnic Mesothelial Ridge
(SMR). The SMR is a novel embryonic structure and this chapter describes some of
the features associated with the SMR.

4.2 The SMR mediates a physical requirement for left-right
asymmetry

The Splanchnic Mesothelial Ridge (SMR)
To visualise the extent of the SMR around the spleno-pancreatic region at E10.5,
embryos were stained with phalloidin and sectioned transversely at the level of the
pancreas (figure 4.1g; represented by plane d in figure 4.1a). Phalloidin stains f-actin
and outline the shape of individual cells, making it possible to distinguish the loosely
packed mesenchyme from endoderm and mesothelium. The SMR and the pancreatic
endoderm are clearly visible and have been colour coded blue and red respectively.
The section shows that the SMR encapsulates the mesenchyme surrounding the
dorsal pancreas. The SMR runs all the way from the lung buds (anterior) to the
duodenum (posterior), but it is thickest at the level of the dorsal pancreatic bud.
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Figure 4.1: The Splanchnic Mesothelial Ridge (SMR) divides rapidly, (a) Endodermal localisation of HNF3p protein
(red) in a wild type embryo at E10.5. (b) Transverse section at the level of the stomach represented by line b in (a). At
this level the SMR is relatively thin (white arrows). All nuclei are labelled with Propidium Iodide (PI; red) while only cells
in S-phase are labelled with BrdU antibodies (green). The proportion of cells in S-phase is not dramatically different
from the underlying mesenchyme, (c) Transverse section at the level of the duodenum represented by line c in (a). At
this level the SMR is well defined (white arrows) and the proportion of cells in S-phase is significantly higher than in
underlying mesenchyme, (d) Transverse section at the level of the pancreatic buds represented by line d in (a). At this
level the SMR is thickest (white arrows) and the proportion of cells in S-phase is much higher than in underlying mesen¬
chyme. (e) Transverse section just posterior of the pancreatic buds represented by line e in (a). At this level the SMR
can no longer be detected, (f) Low magnification of a transverse section at the level of the pancreatic buds represented
by line d in (a). Compared to other places in the developing embryo the SMR (white arrows) is dividing very rapidly, (g)
Phalloidin staining of F-actin at E10.5. The SMR is clearly visible and can be divided into three regions dorsa, tip and
ventral. (Ig) lungs, (st) stomach, (du) duodenum, (vp) ventral pancreas, (dp) dorsal pancreas, (da) dorsal aorta, (nt)
neural tube, (lb) limb bub, (me) mesoderm, (en) endoderm and (SMR) splanchnic mesothelial ridge.
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BrdU labelling
Between E9.5 and E10.5 the spleno-pancreatic region undergoes a dramatic leftward
expansion coinciding with the formation of the SMR. BrdU is incorporated into
dividing cells and was therefore used to investigate if the rotation of the spleno-
pancreatic region could be attributed to the SMR. Wild type E10.5 embryos were

labelled with BrdU for 30 minutes and transverse sections through different regions
of the gut (represented in figure 4.1a) were stained for BrdU uptake (figure 4.1b, c, d,
e). The first section is taken through the stomach where the SMR is relatively thin
(figure 4.1b). Between the stomach and the pancreas the SMR starts to thicken and
here more cells have incorporated BrdU (figure 4.1c). At the level of the pancreas the
SMR is still heavily labelled and it appears that the increased division rate is defined
by the extend of the SMR (white arrows). Hence, the underlying mesoderm and the
mesothelium adjacent to the SMR both have a lower BrdU uptake (figure 4. Id).
Posterior to the pancreas the gut mesoderm is no longer flanked by the SMR and the
BrdU uptake in the mesoderm is relatively normal (figure 4.1e).

The mitotic index for the SMR is high and between 73-86% of the cells have
entered S-phase during the 30 minutes labelling period (table 4.1). This is higher
than in the underlying mesenchyme where 57-60% of the cells has incorporated
BrdU and the endoderm where approximately 27% of the cells have entered S-phase.
In fact the mitotic index of the SMR is comparable to that of the progress zone in the
limb and it represents one of the places with the highest BrdU uptake in the entire
embryo (figure 4.If; white arrows).

Table 4.1: Mitotic indexes of the SMR and underlying mesenchyme

Structure
PI

Labelled cells
BrdU

labelled cells
Mitotic index

SMR (embryo 1) 86 63 73.2%
Mesoderm (embryo 1) 44 76 57.9%

SMR (embryo 2) 130 113 86.9%
Mesoderm (embryo 2) 161 91 56.5%

SMR (embryo 3) 126 97 77.0%
Mesoderm (embryo 3) 119 71 59.6%

Endoderm 88 33 27.3%

Progress Zone 143 405 73.9%

The number of labelled cells in the SMR and underlying mesenchyme is based on counts from the same section
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E9.5 E10.0 E10.5

Figure 4.2: Development of the SMR. Immunohistochemistry showing PDX1 protein in the dorsal pancreatic bud at
various stages during wild type development, (a) At E9.5 there are no obvious differences between left and right in the
spleno-pancreatic region. A mesothelial layer can be detected on either side of the dorsal pancreas (dashed lines), (b)
At E10.0 the dorsal pancreas is starting to grow towards the left. This coincide with a thickening of the left mesotheliai
layer and a disappearance of the right mesothelium. (c) At E10.5 the spleno-pancreatic region has achieved the charac¬
teristic triangular shape and the SMR is fully developed.
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These results therefore strengthen the idea that the SMR is physically involved in the
turning of the gut. Also, they suggest that the asymmetric expansion towards the left
primarily is achieved through cell proliferation within the SMR rather than in the
underlying mesenchyme.

Development of the SMR and the pancreas

It appears that the SMR has an important role in directing the growth of the spleno-
pancreatic region. To investigate the relationship between the SMR and the
developing pancreas, embryos were stained with antibodies against the homeobox
protein PDX1. At E9.5 the dorsal pancreatic bud is positioned in alignment with the
embryonic midline and between the left and right mesothelium (figure 4.2a). As the
SMR thickens and the left side expands, the pancreatic endoderm also starts to grow

towards the left. At E10.0 the dorsal pancreas remains in close proximity to the SMR
(figure 4.2b). Half a day later at E10.5 the SMR is fully developed and has formed a

characteristic triangle. The dorsal pancreas can be seen adjacent to the ventral part of
the SMR and growing towards the tip (figure 4.2c). Thus the proliferation of the
SMR results in a triangular shaped structure in which the dorsal pancreas grows. As
the region expands the dorsal pancreatic endoderm grows in close proximity to the
ventral part of the SMR as if attracted to it.

The SMR is absent in Dh

The SMR is absent in mice carrying the Dh mutation and it was this phenotype
which initially led to the identification of the SMR. The effect Dh has on gut

development was initially described by (Green, 1967) who showed that the
mesothelium surrounding the splanchnic mesoderm was absent in Dh mice at E9.5.
To confirm these results E9.5 Dh embryos were double stained for the proteins
PDX1 and ISL1. Both genes have been shown to have an important role in pancreas

development (Ohlsson et al., 1993; Jonsson et al., 1994; Ahlgren et al., 1996;
Ahlgren et al., 1997). At E9.5 Isll (green) is expressed in the dorsal mesenchyme
and mesothelium while Pclxl (red) is expressed in the pancreatic endoderm (figure
4.3a). Both proteins localise to the nuclei and the mesothelial layers on either side
can easily be distinguished from the underlying mesenchyme because the ISL1
positive nuclei are aligned. The developing SMR is outlined between the dashed blue
and white lines. In Dh/+ and Dh/Dh embryos there is no outer layer of aligned nuclei
indicating that the mesothelial layers on both sides are absent in mutant embryos
(figure 4.3b, c). The lack of mesothelial ridges is consistent in both Dh/+ and Dh/Dh
embryos.

93



+/+ Dh/+ Dh/Dh

Figure 4.3: Abnormal growth in absence of the SMR. Immunohistochemistry showing the presence of ISL1 protein
(green) and PDX1 protein (red), (a) In +/+ embryos the dorsal pancreatic endoderm is position in the middle of the
spleno-pancreatic region at E9.5. The developing SMR can easily be distinguished because the nuclei are aligned. The
outside of the SMR is marked by a blue dashed line and the inside by a white dashed line, (b) In Dh/+ the pancreatic
endoderm is positioned in the middle of the spleno-pancreatic region at E9.5, but the SMR is absent (only a blue
dashed line), (c) In Dh/Dh the pancreatic endoderm is positioned in the middle of the spleno-pancreatic region at E9.5,
but the SMR is absent (only a blue dashed line), (d) At E10.5 in +/+ embryos the SMR has thickened (dashed lines) and
the dorsal pancreatic endoderm is growing towards the left, (e) In Dh/+ the SMR is absent (blue dashed line) and the
pancreatic endoderm remain in the middle of the spleno-pancreatic region, (f) In Dh/Dh the SMR is absent (blue dashed
line) and the pancreatic endoderm remain in the middle of the spleno-pancreatic region.
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In wild type embryos the SMR develops from the left mesothelial plate and at
E10.5 it consists of a thickened layer of mesothelium on the left side of the spleno-
pancreatic region (figure 4.3d). The dorsal pancreas (red) develops in close
proximity to the ventral part of the SMR. In Dh embryos the mesothelium layers that
flanks the splanchnic mesoderm are absent and as a result the SMR does not develop
(figure 4.3e, f). In the absence of the SMR there is no leftward expansion and the
spleno-pancreatic region remains symmetrical. Also the dorsal pancreas, which in
wild type grows towards the tip of the SMR, lacks directional growth and remains in
the middle of the splanchnic mesoderm.

4.3 The mesenchyme surrounding the pancreas is
compartmentalised

Left-right markers are expressed in the mesothelium before the SMR
thickens

At E9.5 there are no morphological differences between the left and right side of the
gut. The dorsal-ventral axis of the endoderm is aligned along the midline of the
developing embryo and the flanking mesothelia is equally thick on both sides. It was
therefore of interest to investigate if asymmetric gene expression specific to the left
mesothelium precedes the morphological differences.

In situ hybridisation with Pitx2 was carried out on E9.5 embryos (figure 4.4a).
At the level of the dorsal pancreatic bud Pitx2 expression could be detected in the
left mesothelium that will become the SMR and at lower levels in the underlying
mesenchyme. Another homeobox gene Barxl is also expressed in an asymmetric
manner (figure 4.4b). Barxl is expressed throughout the mesenchyme of stomach
(Tissier-Seta et ah, 1995), and has not previously been implicated in left-right
asymmetry. The asymmetric expression of Barxl is specific for the region around the
pancreas and more anteriorly the gene is expressed in the mesenchyme and
mesothelium on both sides of the endoderm (data not shown). Thus the asymmetric
expression of Barxl correlates to the part of the mesothelium that will form the
thickest part of the SMR. At E10.5 when the SMR has formed, Barxl expression
remains high in the tip and ventral part of the SMR (figure 4.4e). There is also high
expression of Barxl in the underlying mesoderm.
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Figure 4.4: Asymmetric gene expression in the spleno-pancreatic region. In situ hybridisation showing gene
expression in the developing spleno-pancreatic region, (a) At E9.5 Pitx2 is expressed asymmetrically in the developing
SMR and underlying mesenchyme, (b) At E9.5 Barxl is expressed asymmetrically in the developing SMR and underly¬
ing mesenchyme, (c) At E9.5 Bapxl is expressed symmetrically on both sides of the pancreatic endoderm. (d) At E9.5
Bmp11 is expressed symmetrically on both sides of the pancreatic endoderm. (e) At E10.5 Barxl is expressed at high
levels in the tip and ventral part of the SMR. (f) At E10.5 Bapxl is expressed asymmetrically on the left side in the SMR
and in the underlying mesenchyme, (g) At E10.5 Bmp11 is expressed asymmetrically on the left side in the SMR and in
the underlying mesenchyme.
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In contrast to setting up asymmetry, other genes seem to respond to the
formation of the SMR in that they show symmetric expression at E9.5 and
subsequently become restricted to the left side. Both Bapxl and Bmpll are expressed
in the mesothelium and mesoderm on both sides of the pancreatic endoderm at E9.5
(figure 4.4c, d). An expression pattern identical to that reported for Isll (REF).
However, at E10.5 the expression of both genes has been switched off on the right
side while expression is maintained in the SMR and underlying mesoderm (figure
4.4f, g). Whereas Bapxl has been suggested to have a role in left-right patterning and
gut development, Bmpll has not previously been implicated in either.

Early Spleen development
The embryonic origin of the spleen is more obscure than that of the pancreas, it
therefore remained a possibility that the SMR represented the earliest stages of
spleen development. In situ hybridisation was therefore carried out to visualise the
expression pattern of genes that are known to have a role during spleen development.
The homeobox gene Hoxll is the only reported gene that is expressed exclusively in
the spleen (Roberts et al., 1994; Dear et al., 1995) and is a good marker for spleen
precursor cells. At E10.5 Hoxll expression is restricted to the mesenchymal cells
directly under the dorsal part of the SMR and no transcripts could be detected in the
mesenchyme adjacent to the dorsal pancreas (figure 4.5a). However this expression
pattern is transient and at later stages Hoxll expression could be observed
throughout the mesenchyme between the dorsal SMR and pancreatic endoderm (data
not shown). Thus it appears that the initial induction of Hoxll expression is closely
associated with the SMR. At no stage was Hoxll expression detected in the SMR
itself or in the mesenchyme under the tip of the SMR.

Nkx2.5 has not previously been reported to have a role in spleen development
in the mouse, but studies in Xenopus have shown that Nkx2.5 is a very early marker
of spleen precursor cells (Patterson et al., 2000). At E10.5 the initial expression of
Nkx2.5 is restricted to the mesenchymal cells directly under the dorsal SMR (figure
4.5b) and is therefore very similar to that ofHoxll, a strong indication that the
spleen specific expression of Nkx2.5 is conserved between frogs and mice. However,
in addition Nkx2.5 is also expressed in the ventral region left of the dorsal pancreas.
The two expression domains are separated by a stripe of non-expressing
mesenchymal cells.
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Figure 4.5: The spleen is induced directly under the SMR. In situ hybridisation showing gene expression of spleen
specific markers in the spleno-pancreatic region at E10.5. (a) Hox11 expression can first be detected in the mesen¬
chyme directly under the dorsal part of the SMR. (b) Nkx2.5 expression can first be detected in the mesenchyme direct¬
ly under the dorsal part of the SMR and in an additional domain in the ventral part of the SMR and underlying mesen¬
chyme. (c) Capsulin expression can be detected in the mesenchyme between the dorsal part of the SMR and the
pancreatic endoderm. (d) Bapxl expression can be detected in the tip and ventral half of the SMR and in the underlying
mesenchyme, (e) At E10.75 Wt1 expression can be detected in the mesenchyme between the dorsal part of the SMR
and the pancreatic endoderm. (f) It is possible that ActRllb is expressed in the tip of the SMR at E10.5 but the expres¬
sion levels are low. (SMR) splanchnic mesothelial ridge, (dp) dorsal pancreatic endoderm and (me) mesoderm.
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However, the second expression domain never overlaps with the Hoxll expression
domain and is therefore unlikely to exclusively mark spleen precursor cells. At later
stages Nkx2.5 expression becomes more widespread and transcripts can be detected
throughout the mesenchyme between the dorsal SMR and the pancreatic mesoderm
(data not shown), but expression is always excluded from the dorsal mesothelium
and from the mesenchyme under the tip of the SMR.

Capsulin, is also expressed in the mesenchyme under the dorsal SMR (figure
4.5c) and although the expression levels appear to be higher directly under the dorsal
SMR, the expression is never restricted to the mesenchymal cells under the ridge as

Hoxll and Nkx2.5. Capsulin expression can also be detected in the mesenchyme
prior to E10.5, thus preceding the expression of Hoxll and Nkx2.5 in the spleen
precursor cells (data not shown). At later stages an additional expression domain
appears left of the dorsal pancreas and in the ventral most part of the SMR (figure
3.10d). This second domain is similar to that observed for Nkx2.5 and is presumably
not reflecting spleen precursor cells. As for the previous two genes the spleen
specific expression of Capsulin is always excluded from the dorsal SMR and from
the mesenchyme directly under the tip of the SMR.

Bapxl is also expressed in the splenic mesenchyme (figure 4.5d). However, the
expression domain is less specific than that of Hoxll, Capsulin and Nkx2.5. In
addition to the spleen precursor cells Bapxl is also expressed in all mesenchymal
cells dorsal and left of the pancreatic endoderm. However, the expression of Bapxl is
very dynamic. At E9.5 the gene is expressed in both mesoderm and mesothelium on
either side of the endoderm (figure 3.4c). As the SMR thickens and the spleno-
pancreatic region grows towards the left Bapxl is turned off on the right side while
maintained on the left side in the SMR and the underlying mesenchyme. At E10.25
Bapxl is expressed throughout the SMR and in the mesenchyme surrounding the
pancreatic endoderm on the left side (data not shown). Slightly later in development
at E10.5 (figure 3.5d), expression is also down-regulated in the dorsal part of the
SMR. Thus it appears that Bapxl expression gradually becomes more left sided as

the spleno-pancreatic region develops.
Wtl is also expressed at high levels in the spleen precursor cells (figure 4.5e),

albeit slightly later during spleen development compared to the other splenic
markers. The embryo in figure 4.5e is older than the other embryos (E10.75),
because of difficulties in detecting Wtl expression in the splenic mesenchyme at
E10.5 (data not shown). Wtl is also expressed at low levels in the dorsal part of the
ridge, although the signal is obscured by the very strong staining in the gonadal ridge
and mesonephros lying dorsal to the SMR.
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ActRIIb has also been reported to have a role in spleen development. However,
no expression could be detected in the splenic mesenchyme at E10.5 (figure 4.5f). It
is possible that the gene is expressed weakly in the tip of the SMR, but the levels of
expression are not conclusive.

These results confirm that spleen develops from the mesenchyme lying
between the dorsal pancreatic endoderm and the dorsal part of the SMR. Thus the
SMR must represent a novel anatomical structure which is distinct from the spleen.
All the genes examined are expressed throughout the dorsal mesenchyme suggesting
that a spleen-inducing signal, if it exists, would emanate either from the dorsal SMR
or from the pancreatic endoderm. However, in mice lacking the Pdxl or Hlxb9 genes

the dorsal pancreas fails to bud and in absence of pancreatic endoderm the spleen
develops normally (Jonsson et al., 1994; Ahlgren et ah, 1996; Offield et ah, 1996; Li
et ah, 1999). Also the initial expression ofHoxll and Nkx2.5 localises to the
mesenchyme directly under the SMR rather than to the pancreatic mesenchyme.
These results therefore suggest that the spleen is induced in the mesenchymal cells
under the SMR, perhaps by a signal from the SMR, and later spreads to the entire
mesenchyme between the pancreas and the dorsal SMR. It is also evident that Hoxll
and Nkx2.5 are the most specific markers of the initial stages of spleen development,
because Bapxl, Capsulin and Wtl are never restricted to the cells directly under the
ridge. Nevertheless, the expression of Bapxl and Capsulin precedes that of Hoxll
and Nkx2.5 suggesting that the two genes are required for defining the identity of the
dorsal mesenchyme.

Common for all the genes expressed in the spleen precursor cells, except
Bapxl, is that they are not expressed in the mesenchyme directly under the tip of the
SMR. Interestingly, several other genes such as Barxl and Bmpll display the
opposite expression pattern in that they are expressed in the mesenchyme at the tip,
but excluded from the splenic mesenchyme (figure 2e and 3j). In most cases these
boundaries are well defined and because they are reflected by several different genes
it suggests that the mesenchyme is regionalised. Hence, at E10.5 the mesenchyme
under the tip of the SMR is distinct from the splenic mesenchyme.

The spleen is not induced in Dh
Hoxll and Nkx2.5 are specific markers of spleen precursor cells and the close
association between their expression and the dorsal SMR, suggests that the
mesothelium might have a role in induction and maintenance of spleen determining
genes in the underlying mesenchyme.
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Figure 4.6: The spleen is not induced in Dh embryos. Immunohistochemistry showing the presence of PDX1 protein
in the pancreatic endoderm (green) and in situ hybridisation showing gene expression of spleen markers at E10.5. (a) In
+/+ embryos Hox11 expression (red) is induced in the mesenchyme directly under the SMR. In Dh/+ (b) and Dh/Dh (c)
no Hox11 expression can be detected in the mesenchyme, (d) In +/+ embryos Nkx2.5 expression (red) is induced in the
mesenchyme directly under the SMR and in the ventral part of the SMR. In Dh/+ (e)and Dh/Dh (f) no Nkx2.5 expres¬
sion can be detected in the mesenchyme, (g) In +/+ embryos Barxl expression (red) at high levels in the SMR and in
the underlying mesenchyme, (h) In Dh/+ embryos Barxl expression can be detected in the mesenchyme on the left
side, (i) In Dh/Dh embryos Barxl expression can be detected in the mesenchyme on both sides of the pancreatic endo¬
derm.
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In mice carrying the Dh mutation the spleen fails to develop, but it is not known at
what stage spleen development is arrested. One possibility is that the spleen is never
induced. To test this Dh embryos were examined for Hoxll expression. In E10.5
wild type embryos Hoxll expression (red) could be detected in the splenic
mesenchyme directly under the dorsal SMR (figure 4.6a). The endoderm of the
dorsal pancreas has been stained with antibodies against PDXI (green). In both Dh/+
and Dh/Dli embryos no Hoxll expression could be detected at E10.5 (figure 4.6b, c).
The red cells visible in the sections are embryonic blood cells that auto-fluoresce.

We also examined the expression of Nkx2.5, which is also expressed in the
splenic mesenchyme. Similar to the results obtained with Hoxll the spleen specific
expression of Nkx2.5 could not be detected in Dh embryos at E10.5 (figure 4.6e, f).
Thus the two genes marking spleen precursor cells fail to be induced in Dh embryos,
confirming that this cell type is absent in Dh embryos and subsequently results in the
asplenic phenotype. However, the ventral expression domain of Nkx2.5 is also absent
in Dh, suggesting that the effects of the mutation are not specifically affecting the
spleen precursor cells. Because the gene affected by the Dh mutation is unknown it
cannot be ruled out that Dh is affecting the mesoderm as well as the SMR. The lack
of spleen precursor cells could also occur if the identity of the mesenchyme has been
altered.

To test if the identity of the underlying mesenchyme is preserved in Dh, E10.5
embryos were hybridised with Barxl (red) and PDXI (green). In wild type embryos
Barxl is expressed at high levels in the tip and ventral SMR and in the underlying
mesenchyme (figure 4.6h). In Dli/+ embryos Barxl expression can be detected in the
mesenchyme left of the dorsal pancreas (figure 4.6i). It is obvious that the number of
Barxl expressing cells is reduced in Dh/+ embryos. However, because most of the
Barxl expressing cells normally are located in the SMR the number must be
expected to be lower than in wild type because the ridge is absent in Dh embryos.

Similar expression was also detected in Dh/Dh embryos although the
expression levels were lower than in heterozygous embryos (figure 4.6j). However,
in addition to the expression on the left side Barxl is also expressed ectopically, as
mirror image, on the right side of the spleno-pancreatic region. This duplication of
Barxl expression suggests that asymmetry is lost in Dh/Dh embryos (this will be
described in more detail below).
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The SMR in other asplenic mutants
At E9.5 the Bapxl gene is expressed in the mesothelial layers and in the splanchnic
mesoderm (figure 4.4c), but later expression becomes restricted to the SMR and
underlying mesoderm (figure 4.5d). To investigate if the gene has a role during the
development of the SMR embryos homozygous for deletions in Bapxl were
examined. At E9.5 no morphological distinction can be found when comparing
Bapxl''' to Bapxl+/+ embryos (data not shown). However, during subsequent
development the SMR fails to thicken and at E10.5 the mesothelial layer surrounding
the left side of the spleno-pancreatic region consists of a single cell layer (figure
4.7b). The region is still growing towards the left side (figure 4.7d), but the
expansion does not result in the characteristic triangular shape observed in wild type

embryos, suggesting that the leftward expansion in Bapxl'' embryos lacks the
directional growth provided by the SMR (figure 4.7a, c). Also the dorsal pancreas
remains in the middle of the embryo indicating that the ridge or Bapxl function in
the mesoderm is required for directional growth of the dorsal pancreatic endoderm.
Later in development mice carrying homozygous deletions in the Bapxl gene display
gastroduodenal malformations (data not shown; Akazawa et al., 2000). These
abnormalities are very similar to those observed in Dh embryos and suggest that
asymmetric growth of the spleno-pancreatic region is required for correct looping of
the gut.

Mice carrying homozygous deletions in the zinc finger gene Wtl are partially
asplenic with the severity depending on the genetic background (Herzer et al., 1999;
Koehler et al., 2000). However, in contrast to Dh and Bapx7V~ mice, they do not

display any gastroduodenal abnormalities. To investigate the morphology of the
SMR, Wtl''' mice were analysed for Capsulin expression and the presence or absence
ofWT1 protein. In E10.5 wild type mice, WT1 protein (green) can be detected in the
gonadal ridge and mesonephros lying dorsal to the spleno-pancreatic region and
Capsulin expression (red) was detected in the mesoderm surrounding the dorsal
pancreas (figure 4.7e). No WT1 protein could be detected in the splenic mesoderm at
this stage supporting the observation that spleen specific expression of Wtl is
activated at later stages in spleen development. In Wtl '' embryos no WT1 protein
could be detected anywhere in the embryo (figure 4.7f). Nevertheless, the
mesothelium has thickened as in wild type embryos and morphologically the SMR
appears to be normal. Also the dorsal pancreas is growing directly adjacent to the
ventral part of the SMR. So despite the phenotypic similarities to Dh and Bapxl,
concerning spleen development, Wtl does not affect the SMR or the asymmetric
growth of the spleno-pancreatic region.
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Figure 4.7: Spleno-pancreatic growth in other asplenic mutants. Immunohistochemistry showing the presence of
ISL1 protein (green) and PDX1 protein (red), (a) At E10.5 in Bapx1+/+ embryos the SMR can be seen as a thickened
layer of mesothelium (blue and white dashed lines) and the dorsal pancreatic endoderm is growing towards the left, (b)
At E10.5 in Bapxl-/- the SMR is present (blue and white dashed lines) but it fails to thicken and the dorsal pancreatic
endoderm remains in the middle, (c) Low magnification of the spleno-pancreatic region showing the dorsal pancreatic
endoderm growing towards the left in Bapx1+/+ embryos, (d) Low magnification of the spleno-pancreatic region show¬
ing the dorsal pancreatic endoderm remaining at the midline in Bapxl-/- embryos, (e) A E10.5 Wt1+/+ embryo stained
for WT1 protein and Capsulin RNA. The SMR can be seen as a thickened layer of mesothelium (blue and white dashed
lines) and the dorsal pancreatic endoderm is growing towards the left, (f) A E10.5 VZt1-/- embryo stained for WT1 pro¬
tein and Capsulin RNA. The SMR appears normal (blue and white dashed lines) and the dorsal pancreatic endoderm is
growing towards the left.
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4.4 Screening for novel genes in the SMR

Multiplex PCR
From the studies described above it is tempting to suggest that the SMR acts as a

signalling centre directing growth of the spleno-pancreatic region. However, a gene
expressed specifically in the SMR would demonstrate uniqueness of the mesothelium
and further strengthen this hypothesis.

Table 4.2: Alphabetic list of genes tested with MPX-PCR.

ActRI Cerberus FgfRIa Hlxb9 Prcd
ActRlla Chordin FgfRIb Hnf3 beta Proxl
ActRIlb ChymoTrypsin FgfR2 Hnf6 Shh
Alk1 Dan FgfR3 Ihh Somatotatin
Alk3 Dhh FgfR4 Inha TgfB1
Alk4 Fgf1 Fkh6 Inhba TgfB2
Alk5 Fgf2 Folli-like Inhbb TgfB3
Alk6 Fgf3 Folli-rel Inhbc TgfB4
Amylase Fgf4 Foilistatin Inhbe TgfBRII
Bapxl Fgf5 Gata4 Insulin Trypsin
Barxl Fgf6 Gdf1 Isl1 Wnt11
Bmp2 Fgf7 Gdf3 Isl2 Wnt15
Bmp3b Fgf8 Gdf5 Jagged1 Wnt16

Bmp4 Fgf9 Gdf6 Jagged2 Wnt2b
Bmp5 Fgf10 Gdf7 Ngn3 Wnt4

Bmp6 Fgf11 Gdf8 Nkx2.2 Wnt5a
Bmp7 Fgf12a Gdf9 Nkx2.3 Wnt5b
Bmp8a Fgf12b GIH Nkx2.6
Bmp8b Fgf13 GU2 Nkx6.1
BmpRII Fgf14a GH3 Noggin
Bmp10 Fgf14b Glucagon Patchedl
Bmp11 Fgf16 Gremlin Patched2
Bmp15 Fgf17 Hes1 Pax6
Cdx2 Fgf18 Hex Pdx1

• Positive result (the PCR reaction produced a band at the expected size)
• Negative result (the gene is not expressed or the PCR reaction did not work)

In an attempt to find such a gene, a collaboration was set up with Dr. Jan Jensen at
the Hagedorn Research Institute in Denmark. Multiplex-PCR (MPX-PCR) was used
to compare the expression levels of a large number of genes in Dh and wild type. A
gene expressed exclusively in the SMR would give a positive result in wild type and
a negative result in Dh because the ridge is absent in all mutant embryos. All genes
tested are listed in table 4.2.
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Table 4.3: Relationship between gel names and genes tested.

Gel
Name

Int. Control Gene assayed (product size)

A

/ HeckOI q
D

/ Tubulin (250)
/ Tubulin (250)
/ TBP (190)
/ G6PDH (214)

Somatostatin (232)
Amylase- (303, Ch.Trypan <210 Trypsin (310)
Pdx1 (224) Nkx6.1 (284) Barn 170) P . ,:25 5 340)
Nkx2.2 (190) Nkx2.3(240) Proxl (250) Cdx2(160)

A

/ Heck02 q
D

/TBP (190)
/TBP (190)
/TBP (190)
/ G6PDH (214)

Isl2 (272) Ngn3 (160) Hnf6 (240) Isl1 (255)
Bmp2(150) Bmp4 (210) Bmp7 (160) Noggin (180)
Fkh6 (200) Gata4 (180) Jaggedl (270) Wnt4 (240)
Hnf3 beta (200) GUI (300) Jagged2 (200) Hesl (270)

A

/ Heck03 q
D

/ G6PDH (214)
/TBP (190)
/TBP (190)
/TBP (190)

Inhba (230) Inhbb (260) Inhbc (170) Inhbe (200)
Fgf4 (160) Fgf9 (230) Fgf7 (200) Fgf18(300)
Fgf5 (230) Fgf12b (160) Fgf1 .'300) FgflV (260)
Fgf3 (250) Fgf14a(200) Fgf16 (170) Fgf2(150)

A

/ Heck04 q
D

/ G6PDH (214)
/TBP (190)
/TBP (190)
/ G6PDH (214)

Fgf10 (150: Fqf6'250l Fgf11 (150) Fgf12a (200)
Fgf14b (180) Fqf13(250, Fgf8 (158,191,350)
FgfRIa (290) FgfR1b(150) FgfRZ (165)

FgfR4 (190)

A

/ Heck05 q
D

/TBP (190)
/ G6PDH (214)
/TBP (190)
/TBP (190)

Bmp2 (150) Bmp 0 i160,) Bmp8b (270)
Bmp7 (160< GOT (190) Bmp3b (290) GdfS (240)
Gdf3 (180) Bmp15 (150) BmpnneO) Bmp5 (200)
Gdf9 (230) Gdf6 (240) Bmp6 (250)

/ Heck06 A x Tubulin (250) Insulin (312) Somatotatin (232, Glucagon (161,- Ch.Trypsin (210)

A
/ Heck07 B

C

/ G6PDH (214)
/ G6PDH (214)
x G6PDH (214)

TgfB1 (200) TgfB2 (160) Tg1P3 (280) TgfB4 (250)
Atk1 (200) Alk4 (280) Alk5(180) Alk3 (270) Alk6(1S0)
Follistatin (180) Folli-like (240) Folti-rel (290; Cerberus (260) Gremlin (170)

A
8

x Heck08 ^
D

/ G6PDH (214)
/ G6PDH (214)
/ G6PDH (214)
/ G6PDH (214)

BmpRII (150) TgfBRII (200) ActRlla(180) ActRI (230)
Dan (200) Prod (240) ActRllb (225,249,297,321)
Patchedl (250) Patched2 (280) Shh (284) Ihh (254) Dhh (243)
Wnt4 (240) Wnt5a (204) Wnt5b (170) Wnt11 (160) Wnt2b(188)

A

s Heck09 q
D

/ G6PDH (214)
/ G6PDH (214)
/ G6PDH (214)
/ G6PDH (214)

Inhbb (260) Inha (190)
Fgf5 (230) Fgf17 (260) Fgf2 (150)
Fgf10 (190) Fgf11 (150) Fgf13 (250)
FgfR3 (176.230) FgfR4 (190)

A
B

/ HecklO c
D

/ G6PDH (214)
/ G6PDH (214)
/ G6PDH (214)
/ G6PDH (214)

Bmp10(160) GdfS (240)
Brnpll Bmp6 (250)
Fgf4 (160) Inhba (230) Inhbc (170) Inhbe (200)
Fgf4 (160) Fgf3 (250) Fgf14a (200) Fgf16 (170)

A

/ Heck11

D̂

/ G6PDH (214)
/ G6PDH (214)
/ G6PDH (214)
/ G6PDH (214)

Fgf12a (200) Fgf14b ! 180)
Fgf8 (158,191)
Bmp2 (150) Gdf7 (190) Gdf6 (240)

Wnt16 (?)

A
/ Heck12 B

C

/ Tubulin (250)
/ G6PDH (214)
/ G6PDH (214)

Glucagon (161 Fgf17 (260) Fgf18 (300)
GH2-ab (371) 720:

GH2-gd (350) Gli2-gd (1496)

a
z Heck13 g

/ TBP (190)
/ G6PDH (214)

Bapxl (240)
Hex (160) - x hedl (250.1 Hlxb9 (230)

A
/ Heck14 B

C

/ G6PDH (214)
/ G6PDH (214)
/ G6PDH (214)

Fgf1 (300) Fgfd (230) Cdx2 (160)
Folli-like (240) Folk-re) <290)

Cerberus (260) Gremlin (170) Chordin (230) Noggin (180)

/ The gel was readable. The internal markers worked.
* The gel was unreadable. The internal markers failed to work.
- Positive resuit (the 3CR reaction produced 2 band at the expected size)
• Negative result (the gene is not expressed or the PCR reaction did not work)
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The genes that produced a PCR product at the expected size are coloured red, while
the genes that did not produce a result are coloured black. A negative result may
reflect that the gene analysed is not expressed or that PCR reaction failed to work.
The spleno-pancreatic region and stomach were dissected out from wild type and Dh
embryos. This was done carefully to avoid contamination from surrounding tissues
such as the lungs which are known to express Fgf's (Bellusci et al., 1997). At E10.5
it is possible to phenotypically distinguish Dh embryos from wild type embryos.
However, it is not possible to distinguish heterozygous from homozygous mutant
embryos, but since the SMR is missing in both genotypes, tissue from all embryos
carrying the Dh mutation was pooled. As a precaution the wild type tissue was

obtained from a wild type cross. The remainder of the embryos (the posterior part of
the body minus the internal organs) was also collected and used as a control. At the
time the MPX-PCR was carried out it was unknown whether Dh had any effect on
the differentiation of endocrine and exocrine cells in the mature pancreas and
therefore, pancrei from E16.5 embryos were also screened. At this stage the different
genotypes (+/+, Dh/+ and Dh/Dh) can readily be distinguished from each other
based on the severity of the hindlimb phenotype. Each MPX reaction therefore
contained seven samples (E16.5 +/+ pancreas, E16.5 Dh/+ pancreas, E16.5 Dh/Dh
pancreas, E10.5 WT spleno-pancreatic region, E10.5 Dh spleno-pancreatic region,
E10.5 WT posterior body and E10.5 Dh posterior body). The genes tested in each
MPX reaction and respective gel is shown in table 4.3. Annotated pictures of the
original gels are attached in appendix II.

The positive results obtained in the MPX experiment are summarised in table
4.4, however, some of these results have been enhanced digitally. The intensity of
the bands within a sample is always preserved, but to get a true indication of the
intensity of the bands compared to other genes and to the internal standard one
should refer to the original gel pictures in appendix II.

A test for measuring the reliability of the MPX assay is to look for
differentially expressed genes. For example there are a number of pancreas specific
genes such as insulin and amylase, which are specific to the E16.5 pancreatic
samples. Glucagon on the other hand is expressed in both the E16.5 pancreatic
samples and in the E10.5 spleno-pancreatic samples. However, glucagon is switched
on around E10.5 and therefore glucagon should come up in both the late and early
pancreas. Barxl is expressed highly in the stomach at E10.5 and from the in situ data
(Tissier-Seta et al., 1995) the gene should not be expressed in the posterior part of
the body. The MPX data seems to support this observation. Finally there are also a

number of genes such as Fgf8 and Gdf8 that appear to be specific to the posterior
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Table 4.4. MPX-PCR results

Gene Gel No. Expression

1 2 3 4 5 6 7

Aik3 Heck07C
~ m 4k «* m

AlkB Heck07C , m

Amylase HeckOI B mm mm -

Barxl HeckOI C m m

Bmp2 Heck02B *
Bmp3b Heck05B mm *m m

Bmp4 Heck05A mm m m •

Bmp5 Heck05C — ** mm

Bmp7 Heck05 B - mm m

Bmp10 HecklO A

Bmpll HecktO B - 9
Cdx2 HeckOI D -m

Cerberus Heck14 C

Chymotryp. HeckOI B
mm

Fgf1 Heck03C — _ ... •

Fgf6 Heck04 A - -

Fgf7 Heck03B _ ..

Fgf8 Heckl 1 B - m

Fgf9 Heck03B

Fgfio Heck09C «■> mm — <%

Fgfli Heck09C * #

Fgfi3 Heck09 c 4§ • 9

Fgf14b Heckl 1 A
_

FgfW Heck03 C _

Fgf18 Heck03B — - — -

FgfR2 Heck04C
mm

FgfR3 Heck09 D . _ <0* ~m f
FgfR4 Heck09 D

mm

Foili-rei Heckl 4 B —m m

Follistatin Heckl 4 B — mm. m

Gene Gel No. Expression

1 2 3 4 5 6 7 8

Gata4 Heck02 C ft % m

Gdfl Heck05 D
mm mm --

Gdf6 Heckl 1 C
mm mm

Gdf8 HecklO A - mm

GIH Heck02 D ...... jr

m m* iSm

GH2 Heckl 2 B

GIG Heck02 D - mm mrn mm m W
If*

Glucagon HeckOI A * 5S m

Gremlin Heckl 4 C mm

Hes1 Heck02 D mm -

Hnf6 Heck02 A %
- * ** m

Inha Heck03 A
-

Inhbb Heck03 A

Insulin HeckOI A St -

Islt Heck02 A , .. •1•*

Isl2 Heck02 A m

Jagged 1 Heck02 C ■mm ■rn mm mm m

Nkx2.2 HeckOI D • J*

Nkx2.3 HeckOI D - mm mm

Nkx2.6 Heckl 3 B

Noggin Heck02 B •» < 4

Patchedl Heckl 3 C

Pax6 HeckOI C — -

Proxl HeckOI D w w — **

Shh Heckl 3 C mm- — — mm

Trypsin HeckOI B —

TgfB2 Heck07 C i ~

TgfB3 Heck07 C mm mm mm m*

Wnt15 Heckl 1 D

+/+ pancreas
Dh/+ pancreas
Dh/Dh pancreas
+/+ E10.5 stomach and pancreas
Oh E10.5 stomach and pancreas
+/+ E10.5 posterior body
Dh E10.5 posterior body
Negative control

part of the body. In most cases the genes where tested in two or more independent
experiments and there where cases were different results were obtained. Bmpll
(table 4.3) also appear to be expressed exclusively in the posterior part of the
embryo, but in another experiment (Heck05 C) the gene was also expressed in the
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spleno-pancreatic region of Dh embryos. However, this was a semi quantitative
experiment, where the aim was to identify new genes that might be expressed in the
SMR.

Initially the hope was that the absent SMR in Dh would enable the selection of
genes expressed in spleno-pancreatic samples of wild type but not Dh.
Unfortunately, no genes showed this kind of expression pattern. However, the MPX
assay was still useful because it helped identifying genes expressed in the spleno-
pancreatic region and the stomach. In particular I was interested in secreted factors,
which might be involved in promoting the leftward growth of the region.

Morphogens and growth factors expressed in the developing gut
In the limb the AER secretes a number of growth factors which are necessary to
maintain proliferation and gene expression (Niswander et al., 1993; Crossley et al.,
1996). To test whether the SMR might have a similar function in the spleno-
pancreatic region we looked for expression of Fgf's in the SMR. Using MPX-PCR
we detected expression of Fgf9, FgflO, Fgfl3 and Fgfl8. Of these genes Fgf9 and
FgflO was expressed in the region of interest.

FgflO has previously been shown to be expressed in the stomach although no

gut phenotype has been described in mice where FgflO has been deleted (Sekine et
al., 1999). At E9.5 FgflO is expressed at very low levels on both sides of the
endoderm (data not shown) in a pattern similar to that of Bapxl and Bmpll. At
E10.5 strong expression was detected in the ventral part of the SMR which lies
adjacent to the dorsal pancreatic bud, the tip of the SMR and the mesenchyme
underlying the tip (Figure 4.9a). Fgf9 is also expressed in the SMR at the tip and in
the underlying mesenchyme, but in contrast to FgflO, Fgf9 expression was low in the
ventral part of the SMR and high in the dorsal (Figure 4.9b). However, the
expression of Fgf9 is dynamic and varies between embryos of different ages. At
slightly later stages expression is up regulated in the mesenchyme at the tip but down
regulated in the overlying mesothelium (data not shown). Expression of FgfR3 could
also be detected at the tip of the SMR (figure 4.9c). This is the region where the
expression of Fgf9 and FgflO overlap.
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Figure 4.8: Expression of Fgf's and FgfR's in the spleno-pancreatic region. In situ hybridisation showing gene
expression in the spleno-pancreatic region at E10.5 (a) In wild type embryos Fgf9 is expressed in the dorsal part of the
SMR and in the tip. (b) In wild type embryos Fgf10 is expressed in the ventral part of the SMR and in the tip. Expression
can also be detected in the underlying mesenchyme, (c) In wild type embryos FgfR3 is expressed in the tip of the SMR.
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In addition to Fgf's, the expression pattern of several members of the TGFp
superfamily was examined. From the MPX results it appears that Bmp4 is expressed
highly in the spleno-pancreatic region. However, at both E9.5 and E10.5 Bmp4 is
expressed highly in the lateral flank but no transcripts could be detected in the
spleno-pancreatic region at either stage (figure 4.10a, b). This is not likely to be a

false result from the MPX, because in chicken Bmp4 is expressed in the midgut and
hindgut (Nielsen et al., 2001; Smith et al., 2000) and presumably some of the midgut
has been included when dissecting out the stomach and spleno-pancreatic region. At
E9.5 Bmp7 is expressed in the dorsal pancreatic endoderm but not in the surrounding
mesoderm or in the splanchnic mesothelium (figure 4.10c). A day later the gene is
still expressed in the pancreatic endoderm, but in addition the left mesoderm and the
ventral part of the SMR has also started to express Bmp7 (figure 410.d). Bmpll is
also expressed in the spleno-pancreatic region despite the negative result obtained
with MPX. At E9.5 the gene is expressed in the mesoderm and splanchnic
mesothelium on both sides of the pancreatic endoderm, while the endoderm itself is
negative for Bmpll expression (figure 4.10e). This expression is very similar to that
observed for both Is11 and Bapxl ((Ahlgren et al., 1997); figure 4.4b and 5.5c).
Subsequently Bmpll expression is turned off on the right side while expression is
maintained in the ventral part of the SMR and in the underlying mesenchyme (figure
4.10f). Two other TGFP signalling molecules Gdf6 and Follistatin both looked
promising from the MPX data. However, none of them are expressed in the spleno-
pancreatic region (figure 4.10g, h).
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E10.5

E9.5 E10.5

Figure 4.9: Expression of Tgfp's in the spleno-pancreatic region. In situ hybridisation showing wild type expression
of TGFP genes in the spleno-pancreatic region at E9.5 and E10.5 Bmp4 is excluded from the spleno-pancreatic region
at both E9.5 (a) and E10.5 (b). At E9.5 Bmp7 is expressed in the dorsal pancreatic bud (c) and at E10.5 Bmp7 is
expressed in the pancreatic endoderm and in the SMR and underlying mesenchyme (d). At E9.5 Bmp11 is expressed
in the mesenchyme surrounding the dorsal pancreatic bud (e) and at E10.5 Bmp11 is expressed in the SMR and
underlying mesenchyme (f). No expression of Gdf6 (g) or Foilistatin (h) could be detected at E10.5.
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4.5 Genetic interactions and the late pancreas phenotype

Genetic interactions

In embryos carrying the Dh mutation the spleen fails to be induced and genes

expressed in the spleen precursor cells such as Hoxll and Nkx2.5 are absent. Bapxl~'~
embryos are also asplenic and at E12.5 they do not express Hoxll (Lettice et ah,
1999b). However, in order to elucidate the underlying pathway leading to spleen
development, other spleen markers were examined in Dh and Bapxl''' embryos. In
mice lacking functional BAPX1 protein Nkx2.5 is not expressed in either the splenic
mesenchyme or the ventral domain suggesting that the spleen is never induced
(figure 4.101). However, it is difficult to pinpoint the exact cause of asplenia, because
Bapxl is expressed in both the SMR and the splenic mesenchyme. The gene could
therefore have a direct effect in spleen development if required in the splenic
mesenchyme. Or the effect could be indirect, if the spleen fails to be induced because
the SMR is disrupted. For this reason it was important to examine Bapxl expression
in Dh embryos. Lack of Bapxl in the mesenchyme could provide an alternative
explanation for asplenia in Dh while the presence of Bapxl expression would suggest
that the mesenchyme is normal in Dh and that asplenia is caused by the absent SMR.
In Dh/+ embryos Bapxl is expressed in the mesenchyme dorsal and left of the
pancreatic endoderm (figure 4.10b); an expression pattern very similar to that
observed in wild type, although the expression levels might be slightly reduced.
However, in Dh homozygous embryos Bapxl expression is severely impaired (figure
4.10c). Bapxl transcripts could be detected between the gut tube and the ventral
pancreas but not around the dorsal pancreas. Additionally Bapxl is expressed at the
joint between the liver and the stomach, which will later give rise to the diaphragm.
This expression domain is believed to be authentic since it can also be observed in
wild type embryos (figure 4.4f).

The bHLH gene Capsulin also has an essential role in spleen development and
it has been reported that Hoxll and Bapxl expression is absent from the developing
spleen in embryos carrying homozygous deletion of the Capsulin gene (Lu et ah,
2000). Like Bapxl, Capsulin is not specific for the spleen precursor cells and the
expression of both genes precedes that of Hoxl 1 and Nkx2.5. At E10.5 Capsulin is
expressed in the splenic mesoderm and in another more ventral domain but is always
excluded from the mesenchyme directly under the tip of the SMR (figure 4.10d). In
Dh/+ embryos Capsulin expression can be detected throughout the mesenchyme
surrounding the
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E10.5

Figure 4.10: Genetic interactions in the spleno-pancreatic region. In situ hybridisation showing gene expression in
the spleno-pancreatic region at E10.5 (a) Bapxl expression in +/+ at E10.5. (b) Bapxl expression in Dh/+ at E10.5.
Expression can be detected around the pancreatic endoderm. (c) Bapxl expression in Dh/Dh at E10.5. No expression
can be detected around the dorsal pancreas, (d) Capsulin expression in +/+ at E10.5. (e) Capsulin expression in Dh/+ at
E10.5. Expression can be detected at high levels throughout the mesoderm, (f) Capsulin expression in Bapxl-/- at
E10.5. Expression can be detected at high levels throughout the mesoderm, (g) Fgf10 expression in +/+ at E10.5. (h)
Fgf10 expression in Dh/+ at E10.5. Very little or no expression can be detected in the ventral mesenchyme, (i) Fgf10
expression in Bapxl-/- at E10.5. Expression is no longer defined to the left but can be detected on both sides of the
endoderm. (j) Fgf9 expression in +/+ at E10.5. (k) Fgf9 expression in Dh/+ at E10.5. Low expression can be detected in
the dorsal-left mesoderm. (I) Nkx2.5 expression in Bapxl-/- at E10.5. No expression can be detected, (dp) dorsal pan¬
creatic endeoderm.
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pancreatic endoderm (figure 4.10e) and similar expression was observed in BapxT1'
embryos (figure 4.10f) suggesting that the expression of Capsulin is unaffected by
either mutation. However in both mutants Capsulin is expressed in the region
corresponding to the mesenchyme underlying the tip of the SMR. Thus in the
absence of a functional SMR Capsulin becomes expressed in the tip mesenchyme
suggesting that the SMR has an active role in regulating gene expression in the
underlying mesenchyme.

One way the SMR could regulate gene expression in the underlying
mesenchyme is by the secretion of morphogens. I have shown that FgflO and Fgf9
are expressed in different parts of the SMR and although they themselves might not
be regulating Capsulin they might reflect the expression patterns of other genes in
the SMR. In wild type embryos FgflO is expressed at high levels in the ventral part
of the SMR and in low levels at the tip (figure 4.10g). Expression can also be
detected in the mesenchyme lying between the ventral SMR and the pancreatic
endoderm. In Dli/+ embryos almost no FgflO expression could be detected in the
mesenchyme (figure 4.10h). Perhaps a few cells in the ventral mesenchyme might be
expressing FgflO at very low levels. In absence of BAPX1 protein FgflO is
expressed in the mesenchyme on both sides of the duodenum but in the mesenchyme
around the dorsal pancreas the expression levels are very low (figure 4.lOi). Also
there is no FgflO expression in the ventral mesothelium confirming that the SMR is
defective. In wild type mice there is a close relationship between the dorsal pancreas
and the ventral, FgflO expressing, part of the SMR. In both the mutants analysed the
dorsal pancreas lacks directional growth and in both mutants the FgflO signalling
adjacent to the pancreatic endoderm is severely impaired. It is therefore tempting to

suggest that the ventral SMR provides a source of Fgf signalling required for
directional growth of the dorsal pancreas. In agreement with this studies have shown
that over expression of FgflO causes excessive growth of the pancreatic endoderm.

Fgf9 is normally expressed at the tip and in the dorsal part of the SMR and also
in the mesenchyme underlying the tip (figure 4.10j). In Dh/+ embryos Fgf9
expression can be detected at very low levels in the dorsal mesenchyme (figure
4.10k). This expression pattern is very similar to that observed for Barxl, suggesting
that these cells represent the tip mesenchyme. Hence the expression of Fgf9 also
indicates that cell identity is preserved in Dh heterozygous embryos despite the
reduction in expression levels.

115



+/+ Dh/Dh

O 2

SL
O CO

og

og
CO

CL
Q_

©

S. :<•■* *. iif-Sv
k

«;v» f
t

o\f
ft ^4*1•fc

+: • 4\Y? '***:< ■

%■ 2$

o ' \

-vf »

r *

O ^
«

s ' < <?>

;A;
%

A * <4
■ * \

%

©
V. ■

f fk
V ..<jt ^

ivj *
O \ 1

W J

V>

-* *

f,

• J "•

Figure 4.11: The mature pancreas is normal in Dh embryos. Immunohisto-chemistry in +/+ and Dh/Dh pancreas at
E18.5. (a) In +/+ embryos Glucagon is found in the a-cells (green) while Insulin is found in the p-cells (red), (b) In Dh/Dh
both Glucagon producing cells (green) and Insulin producing cells (red) are present and their distribution appear normal,
(c) In +/+ embryos Glucagon is found in the a-cells (green) while Somatostatin is found in the 5-cells (red), (d) In Dh/Dh
both Glucagon producing cells (green) and Somatostatin producing cells (red) are present and their distribution appear
normal, (e) In +/+ embryos Glucagon is found in the a-cells (green) while Pancreatic Polypeptide (PP) is found in the
PP-cells (red), (f) In Dh/Dh both Glucagon producing cells (green) and PP producing cells (red) are present and their
distribution appear normal.
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The mature pancreas is normal in Dh embryos
The absence of a functional SMR in Dh embryos results in abnormal growth of the
dorsal pancreas, but whether it has any effect on the function of the pancreas is
unknown. Pancreas from E18.5 wild type and mutant foetuses were sectioned and
stained with antibodies recognising the four most important endocrine cell types.
In the wild type pancreas the insulin producing (3-cells (red) are surrounded by
glucagon producing a-cells (green; figure 4.11a). In Dh/Dh both cell types are

present and the islets appear to be organised normally with the insulin producing
cells in the middle and the glucagon cells at the periphery (figure 4.11b). Also the
somatostatin producing 5-cells (figure 4.11c, d) and the pancreatic polypeptide (PP)
producing PP cells (figure 4.lie, f) are normal in Dh. Thus it seems that the
endocrine portion of the pancreas is normal in Dh despite the dramatic effect the
mutation has the growth of the dorsal pancreas. No experiments were done to see if
the exocrine portion of the pancreas were normal in Dh. However in the MPX-PCR
assay, a number of exocrine markers (Amylase, Chymotrypsin and Trypsin) tested
positive in both Dh/+ and Dh/Dh suggesting that exocrine cells are present in the Dh
pancreas.

4.6 Stomach development in Dh

The asymmetry is lost in Dh/Dh embryos
At the level of the stomach Barxl is expressed in the mesenchyme on both sides of
the endoderm although the expression levels are higher in the left mesenchyme
(figure 4.12a, d). At E10.5 the stomach is positioned at the left side of the embryo
and it has rotated so the dorsal-ventral axis of the endoderm is no longer aligned with
the midline of the embryos. In Dh/+ the dorsal mesogastrium appears abnormal but
the stomach still rotates correctly and the angle between the embryonic midline and
the dorsal ventral axis of the endoderm is similar to that observed in wild type (figure
4.12b, e). In Dh homozygous embryos however, the stomach is symmetric. At E10.5
the stomach fails to rotate and the endodermal axis remains aligned with the
embryonic midline (figure 4.12c, f). The loss of asymmetry in Dh homozygous
embryos prompted us to examine the expression of Pitx2, a downstream gene in the
left-right determining pathway (Piedra et al., 1998; Essner et al., 2000). In wild type

embryos the Pitx2 expression, at the level of the stomach, is restricted to the
mesoderm and mesothelium left of the endoderm (figure 4.12g). In Dh/Dh embryos
Pitx2 is expressed on the left side of the endoderm, but ectopic expression in the
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Dh/Dh

Figure 4.12: Loss of asymmetry in Dh/Dh embryos. In situ hybridisation showing gene expression in the stomach
region at E10.5 (a) Band expression in +/+ at E10.5. Expression can be detected in throughout the mesoderm, but not
in the endoderm. (b) Band expression in Dh/+ at E10.5. Expression can be detected in throughout the mesoderm, but
not in the endoderm. The morphology of the dorsal mesogastrium is abnormal, (c) Band expression in Dh/Dh at E10.5.
The morphology of the dorsal mesogastrium is very abnormal almost symmetric. Expression can be detected in most of
the mesoderm but not in the mesoderm on the dorsal side, (d) Low magnification of (a). In +/+ embryos the stomach is
positioned at the left side, (e) Low magnification of (b). In Dh/+ embryos the stomach is positioned at the left side
although the dorsal mesogastrium is abnormal, (f) Low magnification of (c). In Dh/Dh embryos the dorsal mesogastrium
is very abnormal and the stomach is positioned in the middle of the embryo, (g) Pitx2 expression at E9.5 in a +/+
embryo. Expression can only be detected on the left side of the endoderm. In Dh/Dh ectopic expression of Pitx2 (red
arrows) can be detected both at the level of the stomach (h) and at the level of the pancreas (i). (dm) dorsal mesogas¬
trium, (en) endoderm and (me) mesoderm.
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right mesoderm could also be detected (figure 4.12h). This strongly suggests that the
left-right determining pathway is disrupted in the homozygous embryos and that this
is the reason the stomach does not rotate. Ectopic expression of Pitx2 could also be
detected at the level of the pancreas (figure 412.i) thus coinciding with the ectopic
expression of Barxl. However, this loss of asymmetry only appears to affect Dh
homozygous embryos. In Dli/+ embryos the stomach rotate to the left and thus far all
genes examined show correct asymmetric expression (data not shown).

Dh/Dh Stomachs are smaller at E13.5

At later stages in development the stomachs of Dh/Dh continues to be severely
abnormal. The results shown in figure 4.13 are whole mount in situ looking at the
expression ofHoxll and Wtl at E13.5. Both genes are expressed in the spleen
(Roberts et ah, 1994; Herzer et al., 1999) and these experiments were initially carried
out to demonstrate the lack of spleen development in Dh. However, in light of the
results described above which show that the spleen fails to be induced in Dh
embryos, it is not surprising that the spleen specific expression ofHoxll and Wtl is
absent at E13.5. But in addition to confirming, that all stages of spleen development
are completely abrogated in Dh, they also show that stomach development in the
homozygous mutants is severely impaired.

In +/+ embryos both Hoxll and Wtl are expressed at high levels in the spleen
mesenchyme (figure 4.13a, d). In addition Wtl is expressed in the mesothelium of
the liver and in the stomach. The stomach can be seen lying on the left surrounded by
the liver (dashed line). In Dh/+ no Hoxll expression can be detected (figure 4.13b).
Wtl is still expressed in the stomach and in the lining of the liver but there is no
expression where the spleen should be (figure 4.13.e). The stomach is probably
slightly smaller in Dh/+ but it is positioned correctly on the left side. However, in
homozygous embryos the size of the stomach is severely reduced compared to both
heterozygotes and wild type (figure 4.13c, f). No expression of either Hoxll or Wtl
can be detected in the region where the spleen should be developing, but Wtl is still
expressed in the mesothelium surrounding the liver although the expression levels in
the stomach are reduced.
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+/+ Dh/+ Dh/Dh

Figure 4.13: The stomach i smaller in Dh/Dh embryos. Gene expression of Hox11 and Wt1 in the spleen and sur¬
rounding tissue at E13.5. (a) In wild type embryos Hox11 is expressed exclusively in the developing spleen and no
expression can be detected in either the stomach or the liver. The stomach is outlined by a black dashed line, (b) In
Dh/+ the spleen is absent and no Hox11 expression can be detected. The size of the stomach is comparable to wild
type, (c) Also in Dh/Dh the spleen is absent and no Hox11 expression can be detected. However, the size of the stom¬
ach is severely reduced compared to both +/+ and Dh/+. (d) In wild type embryos Wt1 is expressed at high levels in the
spleen, the lining of the liver and the stomach. The stomach is outlined by a white dashed line, (e) In Dh/+ the spleen
specific expression of Wt1 can no longer be detected, but expression can still be detected in the lining of the liver and in
the stomach. Again the size of the stomach is similar to that of wild type, (f) In Dh/Dh the stomach is considerably small¬
er than in +/+ and Dh/+. Also the stomach specific expression of Wt1 can no longer be detected. Only the lining of the
liver is expression Wt1 in Dh homozygous embryos, (sp) spleen, (st) stomach and (li) liver.
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Dh causes abnormal looping of the duodenum
In addition to affecting the size and position of the stomach itself, Dh also affects the
looping of the duodenum. To analyse this further full length intestinal tracts were

dissected out from El8.5 embryos (figure 4.14a, b, c). In +/+ embryos the
oesophagus enters the stomach in the middle on one side and the duodenum leaves
the stomach from the posterior end at the same side as the oesophagus enters (figure
4.14d). After leaving the stomach in the same direction as the oesophagus the
duodenum loops back towards the stomach creating an almost full circle. The space

within the duodenal loop is occupied by the ventral pancreas, which is attached to the
duodenum through a thin epithelial membrane. The dorsal pancreas and the spleen
can also be seen in close association with the stomach (figure 14.g). The pyloric
sphincter, a constriction that marks the boundary between duodenum and the
stomach, can also be seen (black arrowheads). In Dh/+ the duodenum leaves the
stomach at the right place, posterior of the oesophagus (figure 4.14e). However, it
immediately bends back on itself and fails to make a loop. As a result the ventral
pancreas ends up lying on top of the duodenum instead of being splayed out within
the duodenal loop (figure 4.14h). Also the stomachs of Dh/+ animals are slightly
smaller than wild type and they appear more muscular. The abnormal looping of the
duodenum is also present in Dh/Dh and is even more dramatic than in Dh/+ (figure
4.14f, i). After leaving the stomach the duodenum forms a sharp U-turn and in the
absence of a loop the ventral pancreas can be seen lying posterior to the duodenum.
The size of the stomach is reduced to less than half the size of a wild type stomach
and the constriction associated with the pyloric sphincter seems to be absent.
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Figure 4.14: Abnormal looping of the duodenum in Dh mice. E18.5 full length intestine running from the stomach to
the rectum from +/+ (a), Dh/+ (b) and Dh/Dh (c). However, in Dh homozygotes the gut ends blind at the level of the
cecum, (d) Close up of a +/+ stomach with the oesophagus entering the stomach from the left. After leaving the stom¬
ach to the left the duodenum forms a large loop which is occupied by the ventral pancreas, (e) Close up of a Dh/+ stom¬
ach with the oesophagus entering the stomach from the left side. Instead of forming a large loop the duodenum makes
a sharp bend to the right and a result the ventral pancreas is no longer spread out within the loop. The stomach is slight¬
ly smaller than in wild type and it appears more compact, (f) In Dh/Dh the duodenal phenotype is similar to that
observed in Dh/+ although it is more severe. Also the stomach is only half the size compared to wild type, (g) The same
stomach as in (d) but flipped over so the oesophagus is now entering the stomach from the right side. The spleen and
the dorsal pancreas can be seen in close proximity to the stomach. The ventral pancreas is lying within the duodenal
loop, (h) The same stomach as in (e) but flipped over. The spleen is completely absent and the inability of the ventral
pancreas to attach itself to the inside of the duodenal loop results in a more compact appearance. It is therefore difficult
to distinguish between the dorsal and ventral pancreas, (i) The same stomach as in (f) but flipped over. The size of the
stomach is severely reduced and as in the heterozygous animals the absence of a duodenal loop causes the ventral
pancreas to become more compact, (sp) spleen, (st) stomach, (du) duodenum, (os) oesophagus, (dp) dorsal pancreas
and (vp) ventral pancreas. The digestive tract is outlined by a black dashed line. The position of the pyloric sphincter is
marked by black arrowheads.

Dh/Dh
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The anterior stomach and pyloric sphincter is absent in Dh/Dh embryos
As a result of the reduction in size and the presumed lack of a pyloric sphincter
Dh/Dh stomachs look almost like a continuation of the duodenum. To see if this is

the case or whether positional identities have been preserved within the mutant
stomachs, wild type and homozygous stomachs were sectioned and stained with
phalloidin (red) and Yo-Prol (green; figure 4.15).

In wild type the stomach can be divided into an anterior and a posterior
compartment (figure 4.15a). The anterior compartment of the stomach is lined with a

mucus membrane (figure 4.15c; white dashed line). The mucus layer is rich in F-
actin and stains strongly with phalloidin. In the cells that are located within the
mucus layer the DNA localises to the inside of the nuclear membrane and the nuclei
can be seen as green circles. Hence there is a distinct histological difference between
these nuclei and the nuclei of cells located at the base of the mucus layer. The lining
of the posterior compartment is covered with structures resembling the villi of the
gut (figure 4.15e). The boundaries between the anterior and posterior compartments
of the stomach are well defined. One boundary coincides with the position where the
oesophagus enters the stomach (figure 4.15b; white arrow) while the other is
positioned midway along the greater curvature of the stomach (figure 4.15d). The
pyloric sphincter is also visible as a constriction defining the boundary between the
stomach and duodenum (figure 4.15a; blue arrowheads).

As shown previously the Dh/Dh stomachs are much smaller than in wild type

(figure 4.15f). However, from the section it is becomes clear that this reduction has
happened at the expense of the anterior compartment, which has been almost
completely depleted. Remnants of the mucus layer associated with anterior identity
can be seen at the anterior tip of the stomach (white arrow) and as in wild type

apoptotic cells are present within this layer suggesting that the remains of the mucus

layer has maintained correct identity (figure 4.15h, i). The rest of the stomach
however, appears to have posterior identity (figure 4.15j). In wild type one of the
anterior-posterior boundaries coincided with the entry point of the oesophagus. This
is not the case in Dh/Dh where the lining of the stomach display posterior identity on

both sides of the oesophagus (figure 4.15g). Hence, in addition to the reduction in
size the boundaries determining positional identity has been shifted anteriorly in
Dh/Dh stomachs, strongly suggesting a posterior transformation of the anterior
stomach. Also, the pyloric sphincter is absent in Dh/Dh embryos. The boundary
between the stomach and the duodenum can still be seen, however, there is no longer
a constriction of the stomach before entering the duodenum (figure 4.15f; blue
arrowheads).
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Figure 4.15: The anterior stomach and pyloric sphincter is missing in Dh/Dh embryos. Wax sections of E18.5
stomach stained with Phalloidin (red) and Yo-pro1 (green) recognizing F-actin filaments and individual nuclei respective¬
ly. (a) Composite picture of an E18.5 +/+ stomach. The anterior stomach is lined with a mucus membrane while the
posterior stomach is covered with villi. The muscle layer is also thicker in the posterior half of the stomach. The pyloric
sphincter can be seen as a narrowing of the stomach lumen and a thickening of the muscle layer at the boundary
between the stomach and the duodenum (blue arrowheads), (b) High magnification of area b in (a) showing the posteri¬
or-anterior boundary (white arrow). This is also the region where the oesophagus enters the stomach, (c) High magnifi¬
cation of area c in (a) showing the mucus membrane lining the anterior part of the stomach, (d) High magnification of
area d in (a) showing the anterior-posterior boundary (white arrow), (e) High magnification of area e in (a) showing the
morphology of the posterior half of the stomach, (f) Composite picture of an E18.5 Dh/Dh stomach. Only a very little
part of the stomach is lined with mucus membrane (blue arrow) which is the characteristic of the anterior stomach. The
rest of the stomach appear to have posterior identity. Also there is no pyloric sphincter (blue arrowheads) (g) High mag¬
nification of area g in (f). This is the region where the oesophagus enters the stomach, but there is no anterior-posterior
boundary, (h) High magnification of area h in (f) showing the the posterior-anterior boundary at the tip of the stomach,
(i) High magnification of area i in (f) showing the the anterior-posterior boundary, (j) High magnification of area j in (a)
showing the morphology of the posterior stomach, (st) stomach lumen, (du) duodenum, (os) oesophagus and (ps)
pyloric sphincter. The base of the mucus layer is outlined with a white dashed line.
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The gut ends blind at the midgut-hindgut junction in Dh/Dh embryos
Most of the phenotypic analysis of Dh has concentrated on the effects the mutation
has on the spleno-pancreatic region and the stomach. However the mutation also
affects hindgut development and a few experiments were earned out to look at this
aspect of the phenotype.

The junction between the large intestine and the colon defines the boundary
between the midgut and the hindgut (figure 4.16f). The cecum, a small extension of
the gut tube, which ends blind, also correlates with this boundary. At El8.5 there are

no obvious differences between the large intestine and the colon and the best way to
determine the hindgut-midgut boundary is to locate the cecum (figure 4.16a). The
large intestine is outlined in black, the cecum in red and the colon in white. When
dissecting out the gut from Dh/Dh it became clear that colon was absent and as a

result the gut ends in a T-shape level of the cecum (figure 4.16b).
To investigate the hindgut phenotype further E10.5 embryos were stained as

whole mounts with antibodies against Hnf3p. Hnf3(3 a marker for the definitive
endoderm and is expressed throughout the intestinal tract (Ang et ah, 1993). In +/+
embryos the endoderm could be seen as a continuous tube running from the
developing mouth in the anterior end to the cloaca in the posterior end. In the
posterior end the gut forms a loop, which defines the boundary between the hindgut
and the midgut (white arrow). In Dh/Dh the endoderm of the hindgut is severely
impaired and the endodermal tube is much thinner than in wild type (figure 4.16d).
In addition a part of the hindgut has degenerated so there is a gap between the
hindgut and midgut.

The comparison of HoxclO expression and Wtl expression between +/+ and
Dh/Dh in chapter 3 also showed that the posterior endoderm is affected by the Dh
mutation. Here it was found that HoxclO is expressed around the endoderm in the
posterior part of the gut (figure 3.2a, b; black arrows: see also figure 2.4a; red
arrow). However this expression domain is absent in Dh/Dh embryos. Also, when
looking at Wtl expression it was clear that the diameter of the Dh/Dh hindgut is
much smaller than wild type and that the lumen within the endoderm is absent
(figure 3.4; black arrows).
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Figure 4.16: Blind ending of the gut in Dh/Dh embryos. In
mice homozygous for the Dh mutation the hindgut is abnormal
and the gut ends blind at the level of the cecum, (a) Wild type
intestine at E18.5. The cecum is outlined in red while the large
intestine and the colon are outlined in black and white respec¬
tively. (b) In Dh homozygous animals the cecum is present but
the colon has degenerated. As a result the gut end in a T-shape
with both arms ending blind, (c) E10.5 wild type embryo stained
with antibodies against HNF3p. The gut tube forms a loop which
defines the boundary between the hindgut and the midgut. The
cecum will form at the tip of this loop (white arrow), (d) In Dh/Dh
the endodermal tube of the hindgut is very thin compared to wild
type and in addition there is a gap between the hindgut and the
midgut, (f) schematic illustration showing the digestive system
at E11.5. The cecum (red) is positioned at the boundary between
the midgut and the hindgut (downloaded from
http://www.med.unc.edu/embryoJmages). (cl) cloaca, (hg) hind¬
gut and (mg) midgut
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4.7 Discussion

During vertebrate development several organs such as the heart, lungs, stomach,
spleen and liver are displaced towards one side of the embryo and develop
asymmetrically relative to the midline. Recently much effort has been put into
understanding how asymmetry is achieved and this has revealed an intricate genetic
pathway (for review see Roberts, 2000; Capdevila et al., 2000). In many cases the
genes involved in this pathway are expressed in an asymmetric manner prior to any

morphological differences and in their absence the asymmetry is either lost or
randomised. However, little is known about how these left-right signals are

interpreted by cells in the developing organs and subsequently mediated into
asymmetric development.

The SMR mediates a physical requirement for left right asymmetry
From studying the Dh mutation it has been possible to identify a structure called the
Splanchnic Mesothelial Ridge (SMR), which is required for asymmetric growth of
the spleno-pancreatic region (figure 4.17). At E9.5 a splanchnic mesothelial plate can

be observed on both sides of the endoderm, first described by Green in 1967.
However, during subsequent stages of development the mesothelial ridge on the right
side disappears while the ridge on the left side thickens and become the SMR.
Concurrently as the SMR thickens the spleno-pancreatic region starts to expand, but
only on the left side where the SMR is present. BrdU labelling shows that cells in the
SMR are dividing rapidly thereby providing a mechanism for the leftward expansion.
In mutants where the SMR is absent or defective asymmetry is disrupted and as a

result the dorsal pancreas remains at the midline instead of growing towards the left.
These results therefore strongly imply that the SMR is mediating a physical
requirement for establishing left-right asymmetry in the spleno-pancreatic region.
However, apart from the Green's description of the splanchnic mesothelial plate at
E9.5 there are no descriptions of the SMR in the literature. Hence we propose that
the SMR is a novel embryonic structure, which functions to mediate asymmetric
development. This theory is further strengthened by the presence of Fgf9 and FgflO
expression in the SMR.

The in situ analysis has shown that asymmetric genes such as Pitx2 and Barxl
are expressed at high levels in the SMR before it thickens. It is therefore possible that
the SMR is a direct target of the asymmetric pathway. One way to demonstrate this
would be to show that the SMR responds to left-right signalling. Mice carrying
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Figure 4.17: The SMR mediates asymmetric growth towards the left. Model showing three stages of SMR develop¬
ment. At E9.5 the right mesothelial plate (blue) and the left mesothelial plate (green) are equally thick and positioned
symmetrically on both sides of the pancreatic endoderm (red) and the embryonic midline (white dashed line). However
at this stage the left mesothelial ridge is expressing asymmetric genes like Pitx2 and Barxl and is presumably signalling
to the underlying mesoderm to promote growth (green arrows). Half a day later at E10.0 the left mesothelial plate is
starting to thicken and is signalling more intensely. At the same time the right mesothelial ridge is starting to disappear.
As a result the spleno-pancreatic region is expanding towards the left side and the pancreatic endoderm is no longer
positioned at the midline. At E10.5 the SMR is fully developed and the right mesothelial ridge no longer visible. Several
Fgf's are expressed in the SMR to stimulate growth and at this stage almost the entire region is positioned left of the
embryonic midline. Growth of the pancreas is also stimulated by signals from the SMR and as a result the pancreatic
endoderm is positioned in the pocket formed by the SMR.
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homozygous deletion in the gene situs inversus (inv) display complete reversal of all
asymmetry and consequently the SMR should develop on the right side. Dr Judith
Goodship was approached and agreed to send some inv'' embryos for analysis.

The SMR is a novel embryonic structure
Since the SMR has not been described previously it was necessary to analyse it using
molecular markers. In particular it was important to establish whether the SMR
represented the early stages of spleen development. Using probes to most genes

reported to have a function in spleen development it became clear that the SMR is
not the spleen, because most of these genes were specifically excluded from the
SMR. In fact the only place where the expression patterns of all genes overlapped
was in the mesenchyme between the SMR and the dorsal pancreatic endoderm.

Interestingly the initially expression ofHoxll and Nkx2.5 is restricted to the
mesenchymal cells directly under the SMR, indicating that the SMR might be
responsible for inducing the spleen. Furthermore in Dh and Bapxl'1' mutant mice the
SMR is either missing or defective respectively and in both cases the spleen fails to
be induced. However, at present these results are not conclusive, because it remains
possible that both Dh and Bapxl affects spleen development directly through the
mesenchyme. Bapxl is expressed in both the SMR and in the mesenchyme and could
therefore be affecting spleen development directly through the mesenchyme or

indirectly through the SMR. For Dh the gene affected by the mutation is unknown
and it is therefore difficult to predict at what level the mutation affects spleen
development. The SMR is completely absent but at present it is unknown to what
extend the mesenchyme is affected. In Dh/+ embryos the mesenchyme appears to be
relatively normal and is expressing all markers except Hoxll and Nkx2.5. However,
in Dh/Dh embryos the expression of some mesenchymal genes such as Bapxl is
severely reduced or absent and several asymmetrically expressed genes such as

Barxl and Pitx2 are expressed symmetrically. These observations suggest that the
Dh mutation is affecting the mesenchyme and hence the mutation could be affecting
spleen development directly.

Attempts have been made to answer this particular question on basis on the
following assumption: If the Dh mutation affects spleen induction through the SMR
and the mesenchyme is normal, then it must be possible to induce Hoxll and Nkx2.5
expression in Dh cells. Furthermore, if the mesenchyme is normal in Dh and only
thing missing is an inductive signal that would confirm that the SMR is required for
induction of the spleen. There is reason to think that this assumption might be
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correct, because in +/+<^Dh/Dh chimeras a rudimentary spleen is formed even when
Dh/Dh cells make up >90% of the embryo (Suto et al., 1995). The authors also
demonstrate that Dh cells are contributing to spleen development, but this conclusion
is only based on Gpi-1 allelism and since the spleen is populated by blood and lymph
cells the results must be considered with some degree of caution. Nevertheless, they
conclude that Dh cells can contribute to spleen development and hence it should be
possible to induce Hoxll and Nkx2.5 expression in Dh cells. However, instead of
using a chimeric approach an in vitro culture system was set up with help from Dr.
Ulf Ahlgren. The idea was to label Dh mesenchyme with DiO and graft them under a
wild type SMR. However, at present no conclusive results have been obtained but
the project has been taken over by Alison Wright.

Additional roles of the SMR

Another role of the SMR might be to direct the growth of the dorsal pancreas. In
wild type embryos the pancreatic endoderm is aligned with the ventral part of the
SMR and is growing towards the tip. However, in both Dh and Baxplembryos
where the SMR is disrupted the dorsal pancreas shows abnormal growth and loss of
asymmetry. Interestingly this phenotype coincides with abnormal expression of
FgflO. In wild type embryos, FgflO is expressed in the ventral SMR and underlying
mesenchyme and is therefore expressed along the left side of the pancreatic
endoderm. However, in Dh embryos where the SMR is absent, FgflO expression is
almost completely lost. At the same time the dorsal pancreas remains aligned with
the midline and shows no sign of asymmetric growth. In Bapxl~/~ embryos where the
SMR is defective, FgflO expression is no longer restricted to the left side of the
pancreatic endoderm. Instead diffuse expression can be detected on both side of the
endoderm and as in Dh the pancreas fails to undergo asymmetric growth. It therefore
appears that the SMR is providing a defined source of FgflO signalling which is
required to promote asymmetric growth of the dorsal pancreas.

Because the absence of an SMR in Dh embryos has dramatic consequences on

pancreatic growth, it became interesting to analyse if this affected differentiation of
the pancreatic cell types. However, antibody staining revealed that the late Dh
pancreas is relatively normal and that all the endocrine cell types are present. The
same is true for the late Bapxl ' pancreas (Ahlgren, unpublished data). It therefore
appears that although the SMR is important for pancreatic growth it has little or no

effect on differentiation of the pancreatic cell types.
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Figure 4.18: Regionalisation within the spleno-pancreatic region. Model showing regionalised gene expression
within the spleno-pancreatic region at E10.5. Several genes are expressed in the splenic mesenchyme (red) while other
genes are expressed in the tip and ventral part of the region (blue). Most genes expressed in the region are restricted to
one of the two domains. The examples shown are Capsulin and Band.
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Regionalisation within the spleno-pancreatic region
When analysing the expression patterns of genes in the spleno-pancreatic region it
became clear that in many cases the genes fall into specific categories according to
their expression pattern (figure 4.18). Hence most gene expressed in the splenic
mesoderm are excluded from the mesoderm underlying the tip of the SMR while
genes expressed in the ventral part and tip of the SMR are often excluded from the
splenic mesoderm. This regionalisation of gene expression strongly indicates the
presence of defined boundaries within the mesoderm. Interestingly an important
function of the SMR might be to maintain these boundaries. In wild type embryos
Capsulin expression is completely excluded from the SMR and the mesenchyme at
the tip. However, in both Dh and Bapxl" embryos Capsulin is expressed throughout
the mesenchyme. Thus in the absence of a functional SMR Capsulin expression is no
longer restricted to the splenic mesenchyme. At present the best explanation for this
regionalisation is that factors secreted from the tip of the SMR, repress the expres¬

sion of Capsulin and in absence of these factors Capsulin expression is upregulated
in the tip mesenchyme.

Genetic interactions underlying spleen development
The expression of splenic markers in asplenic mice might provide important
information about the genetic hierarchy underlying the earliest stages of spleen
development (table 4.5).

Table 4.5: Splenic markers in asplenic mutants

| Structure/gene j Dh BapxC WtC Capsulinv" HoxIT'

Functional SMR

Hox11
Nkx2.5

Bapxl
Capsulin
Wt1

✓ (✓) (✓)
X x1 S3 V3
XX 9 ? ?
✓ . ? ?

✓ ?
? ? - ?

c Functional SMR or expression detected
(«0 SMR Assumed to be functional since the gene is not expressed in the mesothelium
* Defective SMR or no expression detected
? No experimental data available
1 (Lettice et ah, 1999b)
2 (Herzeretal, 1999)
3 (Lu et al., 2000)
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In both Dh and Bapxl~'~ embryos the expression of Nkx2.5 and Hoxll (Lettice et al.,
1999b) is never induced. However, the Capsulin gene is expressed in the splenic
mesenchyme of both mutants. Bapxl expression in Dh embryos is complicated
because it varies between Dh/+ and Dh/Dh. In heterozygous embryos Bapxl is
expressed in what appears to be a normal pattern while in homozygous embryos
expression levels are severely reduced. But, because Bapxl is expressed in
heterozygotes it is clear that the asplenic phenotype is independent of Bapxl.
Additionally, it has been shown that Bapxl and Hoxll are expressed during early
stages of spleen development in Capsulin'' embryos (Lu et al., 2000) and both
Capsulin and Hoxll (Herzer et al., 1999) expression can be detected in Wtl~'~
embryos. Finally, Wtl is expressed in the spleen anlage ofHoxll''' (Herzer et al.,
1999) although the expression levels might be somewhat reduced compared to wild
type (Koehler et al., 2000). The assumption, that the SMR is normal in Capsulin''
and Hoxll''' embryos, is based on the fact that these genes are not expressed in the
SMR and it is therefore unlikely that they should affect it.

With the data available at the moment it is not possible to predict one unifying
mechanism for spleen development. There are several observations, which could be
explained equally well through different mechanisms. It appears that there are

several different genetic pathways, which must converge during development to give
rise to the mature spleen. This idea is also put forward by (Lu et al., 2000), but
another possibility is that the genes are acting at different stages during development.
However, because the descriptional analysis of each mutation is looking at different
stages of spleen development it is sometimes difficult to draw direct comparisons
between the data. The model in figure 4.19, shows at what stage the different
mutations are acting during spleen development. Spleen development is initiated
around E10.5 in the mesenchyme between the dorsal pancreas and the SMR (1). A
signal secreted from the dorsal part of the SMR (2), activates Hoxll expression in
the underlying mesenchyme (3). Cells expressing Hoxll differentiates into spleen
precursor cells (4). During subsequent development these cells mature (5) and start
to proliferate (6).

Starting at the late stages of spleen development, it seems certain that Wtl is
the last gene to be activated in the spleen pathway. Although Wtl expression can be
detected in the splenic mesenchyme from E10.5 onwards, a rudimentary spleen is
present in Wtl''' embryos (Herzer et al., 1999). Confirming that the mesenchymal
cells have the capacity to differentiate into mature spleen cells in the absence of Wtl.
Also Wtl is expressed in the splenic mesenchyme in Hoxll''' where mature spleen
cells are absent suggesting that Wtl expression is not directly associated with the
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Apoptosis

2: Signal from the SMR C)
3: Hox11 expression
4: Spleen precursor cells
5: Mature spleen cells
6: Proliferation

Figure 4.19: Genetic pathway for spleen development. A signal from the SMR induces Hox11 expression in the mes¬
enchyme directly under the SMR. Hox11 is expressed in spleen precursor cells and is required for their differentiation.
Later in development the spleen precursor cells differentiate and become mature spleen cells and Capsulin is required
for this process. In the absence of Capsulin the cells undergo apoptosis. Finally Wt1 is required for proliferation of the
mature spleen cells. The SMR is highlighted in blue. A step affected by a mutation is indicated with a red arrow and the
name of the mutation.
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splenic cell fate. A possible role for Wtl is therefore that the gene is acting after the
mature spleen cells have differentiated perhaps to stimulate proliferation. The role of
Capsulin is also asserted relative late during spleen development. Hence, the initial
stages of spleen development appear to be normal in Capsulin'' embryos and
expression of both Hoxll and Bapxl can be detected in the splenic primordia (Lu et

al., 2000). However in the absence of Capsulin the spleen precursor cells starts to

undergo apoptosis around E13.5 and as a result the mature spleen never appear. The
expression of Capsulin can be detected in the splanchnic mesenchyme from E9.5 and
therefore precedes the defects observed in Capsulin'' embryos by several days.
Nevertheless, the conclusion from these results therefore suggests that Capsulin
affects spleen development after the spleen precursors cells have differentiated but
before the mature spleen cells appear. Capsulin has no effect on early spleen
development despite the early expression. The expression ofHoxll is strictly
associated with the splenic mesenchyme through all stages of spleen development
(Roberts et al., 1994; Dear et al., 1995). In the absence ofHoxll the spleen precursor

cells undergo apoptosis around E12.5, a day earlier than Capsulin. Combined with
the expression data presented in this chapter these results confirm that Hoxll is the
earliest and most specific marker of spleen development and is required to direct the
splanchnic mesenchyme towards a splenic fate. Nkx2.5 might also have an important
in this process, but although the gene has been knocked out there is no description of
the splenic phenotype (Schott et al., 1998; Tanaka et al., 2001). When studying gene

expression in the spleno-pancreatic region it became clear that Hoxll and Nkx2.5
expression is induced directly under the dorsal part of the SMR. This observation
strongly implies that the spleen is induced by a signal from the ridge. An additional
step, showing the spleen-inducing signal emanating from the SMR (blue arrows), has
therefore been included in the model. Accordingly, Hoxll and Nkx2.5 expression are

the first visible signs of spleen development, but in absence of the SMR signal all
gene expression associated with splenic cell fate associated is abolished. In
agreement with the model Dh and Bapxl are the only mutations affecting the SMR
and in both mutants no Hoxll and Nkx2.5 expression can be detected (this is based
on the assumption that the SMR is normal in Capsulin''' and Hoxll''' embryos).
Bapxl and Dh are therefore the earliest acting mutations with respect to the genetic
pathway underlying spleen development and they manifest the asplenic phenotype by
disrupting the spleen inducing signal from SMR. At the time of spleen induction
genes like Capsulin and Bapxl are not exclusively associated with spleen precursor

cells and their expression is unaffected by the absence of a functional SMR.
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Left right asymmetry in Dh/Dh embryos
At the level of the pancreas the phenotypic abnormalities are very similar between
Dh/+ and Dh/Dh. However, at the level of the stomach the homozygous phenotype is
much more severe than the heterozygous. In Dh/+ embryos the stomach develops
asymmetrically on the left side of the embryo, and the mature stomach is very similar
to wild type, perhaps slightly smaller. In Dh/Dh the stomach does not develop
asymmetrically and as a result it is position closely to the midline. Also the mature
stomach is reduced to half the size of a wild type stomach. A histological analysis
showed that this reduction happens on expense of the anterior portion of the stomach.
The failure of Dh/Dh stomachs to turn coincides with mirror-image duplications of
asymmetric genes such as Pitx2 and Barxl. The obvious conclusion from these
expression patterns is that Dh homozygotes display left isomerism where the left side
has been duplicated along the anterior-posterior axis. However, the asplenic
phenotype associated with Dh suggests that the mutation causes right isomerism.
One explanation for this paradox is that Dh has two effects on spleen development.
An early effect, which results in ectopic expression of left specific genes in the right
splanchnic mesenchyme and a late effect, which prevents induction of genes,
required for spleen development. In Dh/+ embryos, the stomach develops
asymmetrically and no ectopic expression of Pitx2 and Barxl can be detected,
suggesting that the loss of asymmetry is specific for homozygous embryos. Hence
the effect of the Dh mutation is affecting the left-right pathway in a dose dependent
manner. Although the laterality defects observed in homozygous mice show
complete penetration, the stomachs always display some degree of asymmetry
towards the left side. The reason for this is that the mirror-image duplication is not
complete. Pitx2 and Barxl are always induced ectopically on the right side but never
in the same levels as seen on the left side. Another interesting aspect of the Dh
mutation is that it only affects laterality in the gut. Hence the looping of the heart and
the number of lobes in the lungs are always normal in Dh mice. One explanation for
this could be that the mutation affects left-right asymmetry relatively late. As the
node progress from anterior to posterior, left right asymmetry is laid down by a cilia
mediated flow across the node (Nonaka et al., 1998). Since the node is progressing
from anterior to posterior it is possible that a mutation acting relatively late in this
process specifically would affect more posterior organs such as the stomach. Another
possibility is that left-right asymmetry of a particular organ is controlled by the organ

itself. The initial asymmetry is established early during development through a

general mechanism such as the nodal flow. However, once the individual organs start
to develop the left-right information is maintained and mediated through pathways
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specific for each organ. A mutation affecting this specific pathway would therefore
only affect the symmetry in that particular organ. In agreement with this hypothesis it
has been shown that mice carrying homozygous deletions of the Pitx2 gene only
affects asymmetry in the lungs (Gage et al., 1999).

Other gut abnormalities in Dh embryos
When dissecting out the gut from Dh foetuses it is immediately clear that the gut

displays abnormal looping. Hence the duodenum forms a sharp bend just posterior of
the stomach. The analysis of the spleno-pancreatic region clearly demonstrated that
the in the absence of the SMR there is no leftward expansion and the dorsal
pancreatic endoderm remains in alignment with the midline. At E10.5 the duodenum
is very closely associated with the spleno-pancreatic region. The retarded growth of
this region undoubtedly affects the morphology of the duodenum and therefore it is
not surprising that this particular part of the gut is abnormal in Dh embryos.
However, a histological analysis of late Dh/Dh stomachs revealed that the duodenal
abnormalities also included loss of the pyloric sphincter. It has recently been
demonstrated in chicken that Nkx2.5 is a marker for the pyloric sphincter and is
required for its development (Smith et al., 2000). The in situ analysis of Nkx2.5
showed that the gene is expressed in the splenic mesenchyme and in the ventral part
of the SMR adjacent to the duodenum. In Dh embryos both expression domains of
Nkx2.5 are absent. The loss of the pyloric sphincter in Dh embryos might therefore
be a direct consequence of the lack of Nkx2.5.

The last aspect of the Dh mutation is the blind ending of the gut. In contrast to
the other gut abnormalities described in this chapter the truncation of the gut happens
at the level of the cecum and is therefore not related to the absent SMR. It is more

likely that the truncated gut is associated with the abnormalities found in the
posterior part body. However, this part of the gut phenotype was only discovered
towards the end of this project so no efforts were made to pursue it further.
Nevertheless, it raised two important questions concerning the effect Dh has on
development. First it showed that the posterior phenotype is unlike to be mediated
through HoxclO alone. Initially it seemed like misexpression of HoxclO could also
be responsible for this part of the phenotype, since no HoxclO expression was found
in the gut of mutant embryos (figure 3.2a, b; black arrows). However, recently it was
demonstrated that deletion of the entire Hoxc cluster has no effect on the gut

(Suemori and Noguchi, 2000) so other factors must be involved. The other question
was that Dh affected the endoderm. At E10.5 the lumen of the hindgut is absent
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(figure 3.4; black arrows). Additionally Hnf3(3 staining showed that the endoderm of
the hindgut is severely abnormal. The problem is that if Dh affects the endoderm in
the posterior art of the embryo it might also affect the endoderm in the spleno-
pancreatic region. This came as a surprise because it was believed that the
abnormalities inflicted by the Dh mutation were restricted to the SMR and the
mesenchyme. Although spleen development can occur in absence of the pancreatic
endoderm (Jonsson et al., 1994; Ahlgren et al., 1996; Offield et al., 1996; Li et al.,
1999), it has been demonstrated that ectopic expression of Shh in the dorsal
pancreatic endoderm causes asplenia (Apelqvist et al., 1997). It has also been shown
that Shh is expressed ectopically in the hindlimbs of Dh/+ embryos (Hecksher-
Sprensen, 1998; Lettice et al., 1999a) and one of the candidate gene for the Dh
mutation is Gli2, a member of the Shh pathway. Due to difficulties in obtaining
homozygous embryos the expression of Shh in the spleno-pancreatic region has not
been analysed in Dh embryos. However, there is indirect evidence that the Shh
expression is normal. The expression pattern of Shh in the endoderm is the reciprocal
of Pdxl expression and it is believed that Shh represses pdxl expression. Also
ectopic expression of Shh in the pancreatic endoderm has severe effects of the
differentiation of pancreatic cell types (Apelqvist et al., 1997). If Shh was ectopically
expressed in the endoderm it would therefore affect the expression of Pdxl and
affect differentiation of the pancreatic cell types. However, PDX1 protein is present
in the pancreatic endoderm of Dh embryos and the late pancreatic phenotype is
normal, suggesting the Dh mutation is not affecting the endoderm in the midgut and
foregut.

4.8 Conclusion

The SMR is a novel embryonic structure required for asymmetric growth. It appears
transiently between E9.5 and El 1.5 and through rapid proliferation it directs the
growth of the spleno-pancreatic region towards the left side of the embryo. In
absence of a functional SMR the region fails to undergo asymmetric displacement
and as a result the pancreatic buds remain in alignment with the midline.
Additionally the SMR might be required for induction of the spleen and for
establishing/maintaining regionalised gene expression in the spleno-pancreatic
region.
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Using a various genetic markers for spleen development and a number of asplenic
mutants it has been possible to explore the genetic pathway required for spleen
development. It has been demonstrated that Dh and Bapxl affects spleen
development very early by disrupting spleen induction presumably via the SMR. In
Wtl'A embryos the SMR is normal and the early stages of spleen development is
normal.
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Chapter 5: Discussion

5.1 Introduction

Mice carrying the Dh mutation suffer from a variety of abnormalities. However, the
gene affected by the mutation remains unknown and so far all attempts to positional
clone the gene have turned out to be unsuccessful. Nevertheless the critical region
has been narrowed down to approximately 1Mb on mouse chromosome 1 (Higgins et

al., 1992; Hughes et al., 1997; Lettice, unpublished data). The project described in
this thesis has not been directly involved in the attempts to clone Dh. However, some
results obtained provide additional information concerning the nature of the mutation
and in this chapter these results will be discussed in relation to other observations
from the literature.

5.2 The Inhfib gene

Members of the Inhfib pathway are involved in all aspects of the Dh phenotype
The Inhfib gene is positioned within the Dh critical region and there are several
observations, which makes Inhfib a very good candidate for being the gene affected
by the mutation. Inlifib encodes a subunit required for activinB and activinB. Activin
is a secreted molecule required for many developmental processes and although
studies in mouse have demonstrated that the absence of Inhfib has little effect on
development (Vassalli et al., 1994; Schrewe et al., 1994), it is clear that
misexpression of this gene can have severe consequences on subsequent
development. In Xenopus activin induces mesoderm formation at the expense of
other germ layers when misexpressed (Smith et al., 1990) and in Chicken ectopic
application of activin disrupts left-right asymmetry (Levin et al., 1995; Stern et al.,
1995; Boettger et al., 1999). Also in mouse Inhfib disrupts development when it is
expressed in the Inhfia locus (Brown et al., 2000). Hence, there is little doubt that
misexpression of Inhfib could disrupt the development of many organs as does Dh
and because Dh is dominant it might well be affecting the regulation of gene
expression. In addition to this, members of the Inhpb pathway can account for almost
every phenotype observed in Dh. Mice carrying homozygous deletions of the activin
receptor ActRIIb, display homeotic abnormalities in the axial skeleton, shifted
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position of the hindlimbs, impaired spleen development and left-right anomalies (Oh
and Li, 1997; Kim et al., 2000). In addition, when the ActRllb mutation is combined
with deletion ofActRIIa, the anterior-posterior identity of the stomach endoderm is
altered (Kim et al., 2000). In mice carrying a targeted deletion in Bmpll, a closely
related TGF(3 molecule, the hindlimbs are shifted posteriorly and the shift correlates
with altered expression of Hox genes, in particular HoxclO (McPherron et al., 1999).
activin has also been linked with the regulation of Gata2 (Walmsley et al., 1994),
which has been associated with kidney abnormalities identical to those observed in
Dh (Zhou et al., 1998). In fact the only phenotype, which have not been associated
with Inhfib, is the late limb phenotype. However, there is accumulating evidence that
different members of the TGF(3 family share receptors and are inhibited by the same

factors. Hence it has been proposed that Bmpll acts through the ActRllb receptor

(McPherron et al., 1999). Also, the BAMB1 gene product will inhibit members of
both the Bmp and activin families (Onichtchouk et al., 1999). Several members of
the Bmp family are expressed in the developing limb and Bmp2 in particular has
been associated with digit duplication in chicken (Duprez et al., 1996). So one way

Inhfib could affect patterning of the developing limb in Dh is by interfering with
endogenous Bmp signalling

Inhfib is misexpressed in Dh embryos
When carrying out the multiplex PCR, screening for genes expressed in the SMR,
most genes where expressed at the same levels in wild type and mutant embryos. In
fact Inh/3b was the only gene to be differentially expressed (figure 5.1a). In stomachs
from wild type embryos Inhfib is expressed at very low levels while a distinct band
can be detected in stomachs from Dh embryos. In contrast the bands representing the
internal control (G6PDH) display the same intensity in both wild type and mutant
embryos. Similarly, the RNA samples isolated from the posterior part of the body
also show higher expression of lnh/3b in Dh embryos. It was possible to repeat these
results from a new batch of cDNA and therefore it appears that the Inli/3b gene

specifically is upregulated or misexpressed in embryos carrying the Dh mutation.
Attempts were made to visualise the expression pattern of Inh/3b in Dh stomachs
using in situ hybridisation. However, it was not possible to detect any transcription
either using DIG labelled probes or S35 labelled probes (data not shown), suggesting
that expression levels are very low.
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Figure 5.1: RT-PCR showing upregulation of Inhfib in
Dh embryos, (a) Inhfib expression is elevated in both
stomach and posterior body of mutant embryo at E10.5.
The internal standard G6PDH expressed consistently in
all tissues.
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Attempts were made to sequence the open reading frame of Inhfib. Inhffo consists of
two exons, which were amplified with PCR using +/+ and Dh/Dh genomic DNA as

template (data not shown). However, as with previous attempts (Hughes,
unpublished data) no conclusive differences were found between the Inh/3b gene

from +/+ and the Dh/Dh. Suggesting that the coding region of the Inhfib gene is
normal.

Degenerate primers that would recognise members of the inhibin and Bmp
families (appendix III) were used to screen the YAC contig spanning the Dh critical
region. However, only Inhfib was detected, suggesting that this gene is the only
detectable member of the two families within the region.

5.3 The Gli2 gene

The Shh pathway is involved in many aspects of Dh abnormalities
The GU2 gene is one of three mammalian homologues of the Drosophila gene

Cubitus Interruptus (Ci). The Gli genes and Ci are all Zinc finger transcription
factors and have been shown to have a role in mediating Hedgehog signalling
(Dominguez et al., 1996; Methot and Basler, 1999; Methot and Basler, 2001). It has
previously been demonstrated that the polydactylous phenotype observed in Dh
coincides with ectopic expression of Shh (Hecksher-Sprensen, 1998; Lettice et ah,
1999a) an observation that correlates well with the idea that GLI2 is a repressor of
Shh signalling. Also Gli3, which is a homologue of Gli2, is responsible for another
Luxoid mutation extra-toes (Xt) (Hui and Joyner, 1993). Like Dh the Xt mutation
causes preaxial Polydactyly and ectopic expression of Shh (Masuya et al., 1997). The
Gli genes have not been directly implicated in some of the other abnormalities
observed in Dh mice such as left-right asymmetry or spleen development. However,
since Shh plays an important role in both systems it cannot be ruled out that Gli2
could affect both left-right asymmetry and spleen development through ectopic
activation of Shh (Levin et al., 1995; Tsukui et al., 1999; Apelqvist et al., 1997).

Gli2 is expressed normally in Dh
In situ analysis has shown that Gli2 is expressed normally in Dh limb buds at several
stages of development, suggesting that the mutation does not affect the regulation of
Gli2 (Hecksher-Sprensen, unpublished data). Another possibility is therefore that Dh
affects the splicing of Gli2 transcripts. It has been shown that different isoforms of
GU2 are present in human cells (Tanimura et al., 1998).
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Figure 5.2: RT-PCR showing normal expression of Gli2 isoforms in Dh embryos, (a) MPX-PCR showing G//2
expression in Dh and wild type, (a) Different splicing produces 4 different isoforms of Gli2 in humans. Primers were
designed so they would distinguish between the different mRNAs. Primer set A produces a 371 bp product for the a and
y isoforms and a 350bp fragment for the p and S isoforms. Primer set B produces two fragments at 300 and 1496bp for
the a and p isoforms and one 350bp fragment for the y and 8 isoforms. (b) Primer set A only produces one band at
320bp suggesting that only the p and 8 isoforms are present. Primer set B one fragment at 300bp representing the a or
P isoforms. However, there are no differences in the expression levels between wild type and Dh embryos.
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Two exons called A and B gives rise to four different isoforms (Gli2-a; -/?, -^and -8)
through alternative splicing (figure 6.2a). When carrying out the MPX-PCR
experiment several primers were designed which would distinguish between the
various Gli2 isoforms (Exon A; blue arrows and Exon B; red arrows). The exon A

primers only produced one band at 320bp which indicate absence of exon A (figure
6.2b) while the exon B primers produced a band at 300bp indicating presence of
exon B (figure 6.2c). Hence, these results show that only the GU2-/3 isoform is
present in the tissues examined. Furthermore, when comparing the intensity of the
Gli2 bands the differences between the samples are also reflected in the internal
control (G6PDH). It therefore appears that the levels of GU2 transcription are the
same in wild type and Dh.

5.4 The Human sequence

The human sequence failed to reveal new candidates for Dh
In humans Gli2 and Inhfib are positioned in close proximity on chromosome 2,
suggesting the genomic relationship between the two genes is conserved through
evolution. The sequencing of the human genome (Lander et al., 2001; Venter et al.,
2001) therefore presented a valuable tool for identification of novel genes within the
Dh critical region. However, the software available for analysing large genomic
sequences has not identified any genes, thus strengthening the argument that Gli2
and Inhfib are the only candidate genes for the Dh mutation.

5.5 Conclusion

Misexpression of Inhfib and subsequent disruption of TGF(3 signalling can explain
almost every aspect of the Dh mutation. Additionally, RT-PCR has demonstrated that
Inhj3b is expressed at higher levels in embryos carrying the Dh mutation. Combined
these observation make Inhfib a very strong candidate for being the gene affected by
Dh.
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5.6 Speculations

In order to carry out a thorough analysis of Dh it has been necessary to focus on a

few important genes. To focus on one gene like HoxclO has made it easier to get to

grips with the complexity of the Dh mutation. However, if the primary effect of the
Dh mutation is misexpression of Inhfib then Dh is likely to affect a large number of
pathways involved in limb induction, renal development, and axial patterning and to
fully understand how Dh affects all these systems would require the analysis of many
more genes. Nevertheless, it is my feeling that this is the true nature of Dh is very
complex; the shift in HoxclO expression is only part of the phenotype.

Although the final proof that Inh/3b is the gene affected by Dh is still missing, the
data presented in this thesis strongly favors Inhfib over GU2. And since these two
genes appear to be the only genes within the critical region it is almost certain that
pleiotropic phenotype inflicted by the Dh mutation involves misexpression Inhfib.
Hopefully this will lead to renewed interest in the role of activins and help address
some important questions in developmental biology ie. What is the role of Inlifib in
left-right signaling (in particular mouse vs. chicken differences)? How is the Hox
code established? What determines the anterior-posterior position of the hindlimbs?
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Chapter 6: Materials and methods

6.1 General techniques

#1: Preparation of electro-competent cells
INVaF' One Shot™ cells (Invitrogen) were plated on non-selective media and
grown at 37°C overnight. A single colony was picked and grown in Luria-broth (L-
Broth) to 0.5-1.0 at OD6oo- The cells were prepared for electro-transformation by
washing twice in cold H2O and once in 10% glycerol and then stored in aliquots at -
70°C in 10% glycerol in H20.

#2: Electroporation of plasmid DNA
Electro-competent cells (#1) were mixed with 10-100ng of plasmid DNA and kept
on ice for 5 minutes. The mixture of cells and DNA was transferred to a pre-cooled
cuvette and placed in an electroporation apparatus (BIO-RAD Gene Pulser™). The
apparatus was set to 25pF, 2.5 kV and 20012, producing a field strength of 12.5
kV/cm. The cell mixture was then exposed to a 5 second pulse and resuspended in
lml of L-broth. To allow activation of the ampicillin resistant gene within the
plasmid, the cells were incubated for 1 hour at 37°C, before being plated out on a

selective media containing 100pg/ml Ampicillin. The plates were placed at 37°C
overnight to allow growth of colonies.

#3: Heat shock transformation of plasmid DNA
For heat shock transformation, INVaF' One Shot™ cells (Invitrogen) or CSH26
dam cells were mixed with plasmid DNA and incubated on ice for 30 minutes. The
mixture was then transferred to 42°C for 1 minute and then put on ice for 2 minutes.
After resuspending the cells in 500pl L-broth they were plated out on selective media
and grown at 37°C overnight.

#4: Preparation of plasmid DNA using QIAGEN plasmid mini Kit
Several single colonies were picked and resuspended in 2ml L-broth containing
100p.g/ml ampicillin and grown overnight at 37°C with shaking. Plasmid DNA from
each clone was then prepared from 1.5ml bacterial culture using QIAGEN plasmid
mini kit according to manufacture's instructions. Each preparation was tested with
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appropriate restriction enzymes to check that the restriction map of the plasmid
matched the expected pattern.

#5: Preparation of plasmid DNA using QIAGEN plasmid maxi Kit
Following restriction enzyme verification of the miniprep DNA (#4) one sample
matching the expected plasmid were used for large-scale plasmid preparation. 0.5ml
bacterial culture was resuspended in 250ml L-broth containing ampicillin and grown
overnight at 37°C in a large conical flask, with shaking to allow aeration of the
bacteria. Plasmid DNA was prepared using QIAGEN plasmid maxi kit according to
manufacture's instructions. The purified DNA was rechecked with appropriate
restriction enzymes to ensure the correct plasmid had been isolated.

#6: PCR (conventional)
PCR reactions were set up using 8.5p,l dH20, ljri genomic DNA, 0.5 pi AmpliTaq®
(Perkin Elmer) and 10 pi 2xbuffer [50ng primerforw (Genosys), 50ng
primerrev(Genosys) lOOpM dNTP's, 5mM MgCl2 (Perkin Elmer) and 2xPCR buffer
(Perkin Elmer)]. The reaction was covered with a drop of mineral oil (SIGMA) to
prevent evaporation. The PCR reactions were carried out on a PCR machine
(HYBAID OmniGene).

#7: PCR (high fidelity)
For amplification of the full length HoxclO gene from IMAGE clone 1024271 it was
important that no errors occurred during the PCR reaction. The Pfu DNA polymerase
(Stratagene) is reported to have the lowest error rate of any thermostable DNA
polymerase studied and was used for this PCR reaction. The experiment was carried
out according to manufacture's instructions. Primers and PCR conditions are listed in
appendix IV (table A4.1).

#8: PCR (Advantage®-GC Genomic PCR)
The GC context of exon 1 from the Inhffo gene is very high, making it difficult to
amplify using conventional PCR. The (Clontech) reportedly facilitates amplification
of GC rich templates and was therefore used to amplify Inhfib exonl from both +/+
and Dh/Dh. The experiment was carried out according to manufacture's instructions.
Primers and PCR conditions are listed in appendix IV (table A4.1).
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#9: Restriction digest
Restriction digests were carried out using l-10pg miniprep (#4) or maxiprep (#5)
DNA, lpl restriction enzyme, lpl buffer and 6pl sterile water. The enzymatic
reaction was carried out using the buffer and temperature recommended for any
particular enzyme. When more DNA was needed the volumes were increased using
the same proportions.

#10: DNA purification (Phenol-Chloroform)
The DNA solution was resuspended to a final volume of 250pl in sterile water and
mixed with 250pl phenol:chloroform:isoamyl alcohol (25:24:1). The sample was

vortexed for 30 seconds then centrifuged for 5 minutes before the supernatant was
transferred to a fresh tube. 250pl chloroform was added to the supernatant, vortexed
for 30 seconds and centrifuged for 5 minutes. The supernatant was transferred and
the DNA was precipitated by adding 25pl Sodium Acetate and 500|il Ethanol
(EtOH). After mixing the sample was stored at -70°C for 30 minutes, centrifuged for
10 minutes and washed in 70% EtOH. Finally, the DNA was resuspended in lOpl
sterile water.

#11: DNA purification (Gel extraction)
To purify linearised DNA fragments or PCR products, enzyme digests (#9) or PCR
reactions (#6-8) were loaded on a 1% Low Melting Point (LMP) agarose gel. The gel
was run in TBE or TAE for approximately 2 hours at 80V. The desired band was

excised under UV light and purified using QIAquick gel extraction kit (QIAGEN)
according to manufacture's instructions. All optional steps were always included.

#12: Ligation
Depending on the concentration of the DNA approximately lpl purified vector (#12
or #11) was mixed with lpl of purified insert or lpl pre-annealed oligos, lpl ligation
buffer, 1 ju.1 T4 ligase [Boehringer Mannheim] and 6 pi sterile water. The ligation was

carried out overnight at 16°C and then heated to 70°C for 20 minutes to inactivate
the ligase. To remove any salt from the buffer the mixture was placed on a

miliporefilter and floated in sterile water for 2 hours.

When oligos were used in the ligation they were first annealed to each other by
mixing 5pl of oligol (lpg/pl), 5pl of oligo2 (lpg/pl) 2pl ligation buffer (to provide
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salt) and 8pl sterile water. The mixture was denatured at 94°C for 5 minutes and then
allowed to cool at room temperature.

#13: ABI sequencing
For sequencing 2 pi purified template DNA (#12) was mixed with 8pl Terminator
Ready Reaction Mix, 20ng primer and 9pl sterile water. The reaction was covered
with a drop of mineral oil and carried out under the following conditions: 94°C for
30 seconds, 50°C for 15 seconds and 60°C for 4 minutes. This program was then
repeated 25 times. When completed the PCR reaction, excluding the oil, was added
to a tube containing 2pl 3M NaAC pH7.2 and 50pl EtOH. The sample was mixed
and stored on ice for 15 minutes, centrifuged for 20 minutes and washed with 70%
EtOH. Finally the pellet was dried ready to be loaded on a sequencing machine (ABI
377 Perkin Elmer).

6.2 Cloning of the transgenic constructs

#14: Cloning of the pHEX construct
The various cloning steps undertaken to make the pHEX construct is shown in figure
2.6. The zebrafish />ax5-3'UTR was amplified from genomic zebrafish DNA with
primers containing Sail and NotI restriction sites (#6). The resulting PCR product
was purified (#12), digested with Sail and NotI (#9) and ligated into the
corresponding sites (#10) of the mammalian expression vector pCI (Promega). The
ligation was transformed into cells (#2) and plated on selective media. Single
colonies were picked and the resulting plasmid pPAX3.1 was prepared (#4) and
verified by cutting with EcoRl and NotI (#6). The enzymes used to verify individual
constructs and the results are listed in appendix IV (table A4.5). To make pPAX3.2
an oligo containing Sacll and Sfil restriction sites was cloned into the BamHI site in
pPAX3.1 and at the same time deleting the BamHI site. Restriction analysis with
Bgll, Sfil and Nhel showed that the oligo had integrated correctly. Next the CMV
promoter was removed by cutting the pPAX3.2 plasmid with Bglll and PstI and an

oligo containing restriction sites for Sfil, Sacll, NgoMI, KasI and Narl was inserted
in its place. Both the Pstl and the Bglll sites were maintained. The expression vector
should now be flanked by two Sfil sites. The pPAX3.3 plasmid was therefore
confirmed by demonstrating that Sfil digestion released a 1.5kb product
representative for the expression vector. To make pPAX3.4 an oligo was ligated into
the Xbal and Sail sites on the pPAX3.3 vector. The oligo contained restriction sites
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for Spel, BamHl and Smal. When introduced it deleted the Sail site while the Xbal
site was maintained. The pPAX3.4 was confirmed by showing that a Spel site had
replaced the Sail site. Next another oligo containing EcoRV, Sail, Hindlll and Bell
restriction sites was ligated cloned into the Narl and PstI sites ofpPAX3.4. Both the
Narl and the PstI restriction sites were preserved. A restriction digest revealing the
introduction of a Sail site was used to verify that pPAX3.5 was the right thing. The
final step involved cloning of the j3Globin Basal-Promoter into the Bell and PstI sites
of pPAX3.5. However, Bell only cuts unmethylated DNA and for this reason the
pPAX3.5 plasmid had to be transformed in to dam' cells (#3). Having obtained
unmethylated pPAX3.5 DNA was digested sequentially; first with Bell at 50°C and
then repurified before cutting with PstI at 37°C. The j3Globin Basal-Promoter was
obtained as an oligo, matching the published sequence (REF), and ligated into
pPAX3.5. The resulting plasmid was to be used for Hox Expression and was

therefore termed pHEX. The properties of the pHEX construct were verified by
cutting with Hindlll and BamHl and with Smal.

#15: Cloning of pGZb9-NE and pHEXc10-NE
The neural element (NE) was released from its original vector pl662 by digesting
with HinDIII and ligated into the corresponding sites of pHEX, to give pHEX-NE.
Also the NE enhancer was ligated into the HinDIII site of the pl230 vector, which
contains a LacZ gene driven by the j3Globin Basal-Promoter, to give the pGZb9-NE
construct. The HoxclO gene was amplified from an EST (IMAGE no. 1024271)
using high fidelity PCR (#7). The primers used to amplify the HoxclO gene

contained restriction sites for Mlul and Spel allowing the PCR product to be ligated
into the corresponding sites of the pHEX-NE vector. The final product, pHEXclO-
NE, was verified by sequencing (#7) to ensure that no mistakes had occurred during
the cloning procedure.

#16: Purification of expression constructs for transgene injections
The expression constructs were released from the plasmid vector using the
appropriate enzymes. The pGZb9-NE was released with Notl and Sail while Sfil was
used to excise the transgene from pHEXclO-NE. The digested DNA was loaded on a

0.8% agarose gel and the bands were separated at 80V. The appropriate bands were

excised and purified (#12). The purified DNA was passed through a microcon 30
column (Amicon) and washed three times in microinjection buffer [0. ImM
EDTA/lmM TRIS pH7.4], The DNA was eluted according to manufacture's
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instructions and diluted 1:10 in transgenic buffer [O.lmM EDTA/lOmM TRIS
pH7.4], The concentration of the DNA was determined by running lp.1 and 5|il of the
dilution alongside known standards.

#17: Injection of the pHEXcl0-A/E transgene into 1 -cell embryos
The transgene injection was carried out by Lorna Purdie, as described in (MacKenzie
et al„ 1997).

6.3 Expression analysis

#18: Preparation of DNA for in vitro transcription.
Plasmids containing cloned gene fragments or PCR products amplified from cDNA
were used as templates for in vitro synthesis of labelled RNA probes. To produce
antisense RNA from plasmids the DNA was linearised with appropriate restriction
enzymes cutting at the 5' end of the inserted gene fragment (#9). When using PCR to

generate template DNA (#6) a T7 promoter was incorporated into the 3' primer. In
both cases the DNA was purified through gel extraction (#11). A complete list of
plasmids can be found in appendix V (table A5.1) while primers and PCR conditions
are listed in appendix IV (table A4.4).

#19: In vitro transcription
In vitro transcription and RNA precipitation was carried out using Boehringer RNA
labelling kit according to manufacture's instructions. Template DNA (#18) was
transcribed using an appropriate RNA-polymerase (T3, T7 or SP6) and nucleotides
labelled with either digoxigenin (DIG) or fluorescein (FLU). The success of the
transcription reaction was assessed by running an aliquot on a 1% agarose gel at
120V.

#20: conventional In situ (wholemount)
To protect the mRNA from degradation, all steps prior to hybridisation was carried
out on ice using DEPC treated reagents. Littermates with similar genotypes were
pooled and rehydrated in a series of methanol 25%, 50% and 75% in dPBT [dPBS +
0.1% Tween 20 (SIGMA)]. After three washes in dPBT, the embryos were treated
with 10p,g/ml proteinase K (Boehringer) in dPBT at room temperature. The time of
treatment varied according to the size of the embryos. E10.5, El 1.5 and E12.5 were
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treated for 15, 25 and 35 minutes respectively. The embryos were then fixed for 45
minutes in 4% paraformaldehyde (Sigma). After fixation the embryos were washed
twice in hybridisation solution [50% formamide (Sigma), 5xSSC, 2% Blocking
powder (Boehringer), 0.1% Triton X-100 (Sigma), 0.5% CHAPS (Sigma), 5mM
EDTA, 50p,g/ml Heparin (Sigma) and lmg/ml yeast RNA (Sigma)]. These steps
were carried out at room temperature and each time the embryos were allowed to
sink in solution. The embryos were then incubated in hybridisation solution at 65°C.
After lhr the solution was changed and the pre-hybridisation continued for another
3-4 hours. 0.2~lpg/ml DIG labelled RNA probe (#19) was denatured at 80°C for 3
minutes, added to the embryos and hybridisation was carried out overnight at 65°C.
The post-hybridisation washes consisted of decreasing concentrations of
hybridisation solution in 2xSSC (75%, 50% and 25%) each step carried out at room

temperature for 10 minutes. This was followed by two 30 minutes washes in 2xSSC,
0.1% CHAPS at 55°C and two 30 minutes washes in 0.2xSSC, 0.1% CHAPS at

55°C. The embryos were washed twice in TNT [lOOmM TRIS pH7.5, 150mM NaCl
and 0.1% Triton X-100] before being transferred to blocking solution [TNT, 2%
BSA (BDH) and 15% heat inactivated sheep serum (Sigma)]. After 3-4 hours at 4°C
fresh blocking solution, containing antibody against DIG [anti-DIG-AP
(Boehringer)], was added to the embryos. The antibody incubation was carried out

overnight at 4°C. To remove unbound antibody the embryos were washed in TNT
containing 0.1% BSA five times 1 hour then overnight. The embryos was washed
twice with NMT (lOOmM NaCl, 50mM MgCl2 and lOOmM TRIS pH 9.5) for 30
minutes and then three times in NMT for 10 minutes. The signal was visualised in
NMT containing 3.5p.l/ml BCIP (Boehringer) [50mg/ml in 100%
dimethylformamide (BDH)] and 4.5(nl/ml NBT (Boehringer) [75mg/ml in 70%
dimethylformamide]. When developed to the desired extent, the colour reaction was

stopped by rinsing the embryos twice in PBS and fixing them overnight in 4%
paraformaldehyde.

#21: Double labelling In situ (wholemount)
The method used for double labelling is described in detail in (Hecksher-Sprensen et

al., 1998). The pre-treatment step is identical to that used for single labelling (#20).
For hybridisation two RNA species are added to the embryos; one labelled with DIG
and another labelled with FLU. Following a blocking step, the first signal was
detected with an appropriate AP coupled antibody and visualised in NMT containing
3.5pl/m BCIP. The colour reaction was stopped by fixing Ihr in 4%
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paraformaldehyde. To inactivate the first antibody the embryos were incubated for
lhr at 65°C. Another blocking step was then carried out before adding the second
antibody. The second signal was detected in NMT containing 3.5|al/m BCIP and
4.5pl/ml NBT. The colour reaction was stopped by overnight fixing in 4%
paraformaldehyde.

6.4 Expression analysis (fluorescence)

#22: Agarose embedding
After fixing in 4% paraformaldehyde the embryos were incubated in 5% LMP
agarose in PBS at 65°C for 2-3 hours. The embryos were then poured into moulds
and the agarose was allowed to set at room temperature. While the agarose was

setting the embryos could be orientated with a pair of forceps. When set, the agarose

block containing the embryo was trimmed with a razor blade and mounted on the
vibratome.

#23: Vibratome cutting
The agarose embedded embryos were cut into 70- 100pm sections on a vibratome.
Each section was lifted from the vibratome waterbath onto a slide The section was

then covered by a thin coverslip, was which glued to the slide at either end - a slight
pressure being applied at each end, to ensure that the section lies flat. In order protect
the morphology of the tissue the lifting and mounting was performed very carefully.
The mounted sections were stored in PBS to prevent them from drying out.

#24: Fast Red In situ (wholemount)
In situ hybridisation was carried out as in (#20) with the following modifications.
Prior to staining the embryos were washed twice in 0.1 M TRIS pH 8.2 for 30
minutes and signal was visualised in 2mL 0.1 M TRIS pH 8.2 containing 1 Fast Red
tablet (Roche).

#25: Immunohistochemistry (whole mount)
Embryos (#40) were transferred from 100% Methanol to MethanokDMSO (4:1) for
2 hours and bleached in Methanol:DMSO:H202 (7:2:1) for 24 hours at 4°C. On
occasions fresh embryos were used. In that case the embryos were dissected out in
ice cold PBS and washed 2 times for 5 minutes in cold PBT [PBS, 0.2% Triton X-
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100]. Fixation was then carried out in MethanokDMSO (4:1) for 2 hours and

bleaching in MethanohDMSOiFFOi (7:2:1) for 48 hours at 4°C. In both cases the
bleaching step was followed by rehydration in a series 25%, 50% and 75% of
methanol in PBT [PBS + 0.1% Triton X-100 (Sigma)]. After two 30 minutes washes
in PBT, the embryos were transferred to blocking solution [2% Skimmed milk
powder, 1% DMSO in PBT] and blocked for 6 hours. Primary antibodies (appendix
V (table A5.2)) were diluted in fresh blocking solution in appropriate concentrations
and added to the embryos, which were then incubated overnight at 4°C. To remove

unbound antibodies the embryos were washed in PBT for 6 times 1 hour in PBT. For
incubation with the secondary antibody the embryos were blocked for 2 hours before
being transferred to fresh blocking solution containing appropriate concentration of
the secondary antibody. After overnight incubation at 4°C unbound antibodies were

removed by washing in PBT for 5 times 1 hour. Finally the embryos were embedded
and sectioned (#22, #23). For double labelling, two primary and secondary
antibodies were added instead of one.

#26: Combined In s/fu/lmmunohistochemistry (whole mount)
Primary antibodies were added together with the anti DIG antibodies (#20). The
antibody incubation was carried out overnight at 4°C. Unbound antibodies were
removed by washing in TNT containing 0.1% BSA 8 times 1 hour. The embryos
were then blocked for 1 hour in blocking solution [TNT, 2% BSA (BDH) and 15%
heat inactivated sheep serum (Sigma)] and incubated overnight with the secondary
antibodies. Residual antibodies were removed by washing 5 times 1 hour in TNT
containing 0.1% BSA. Finally, the in situ signal was then developed as in (#24).

#27: Phalloidin (wholemount)
The phalloidin stain is incompatible with methanol. So for this protocol embryos
were dissected out in PBS and washed twice in PBT [0.2% Triton X-100 in PBS].
Fixation was carried out overnight at 4°C in 4% paraformaldehyde in PBS. The
embryos were then washed three times 30 minutes in PBT before being transferred to

blocking solution [2% Bovine Serum Albumin, 2% DMSO in PBT] for 6 hours.
Fresh blocking solution containing 20 units of Alexa Fluor™ 594 phalloidin
(Molecular Probes) was added to the embryos and incubation was carried out for 48
hours at 4°C. To remove unbound phalloidin the embryos were washed for 6 times 1
hour. Finally the embryos were embedded and sectioned (#22, #23).

155



#28: Confocal microscopy
Expression patterns and protein localisation were visualised with an MRC-600
confocal fitted with an Argon ion laser (488/514nm) and the standard Al, A2 filter
set (514nm excitation filter, 540nm green channel, >600nm red channel). Image
intensity was controlled by turning the gain up to maximum and keeping the pinhole
to the minimal size that still provides a bright image. All scanning was performed
using Caiman amplification and the slowest scanning speed (3 seconds per frame).

6.5 Histological analysis

#29: Wax embedding
For wax embedding embryos were dehydrated in 100% Ethanol. The embryos were

then washed 3 times 30 minutes in Xylene and transferred to molten wax. To ensure

proper penetration of the wax the embryos were incubated in molten wax for 3 times
1 hour at 65°C before being transferred to moulds. The wax was then allowed to set
at room temperature.

#30: Microtome cutting
The wax embedded embryos were cut into 7pm sections on a microtome. The
sections were floated out in a 42°C waterbath and transferred to microscope slides.
To dry the slides were incubated overnight at 65°C. The wax was then removed by
taking the slides through three 10 minutes washes of Xylene and three 10 minutes
washes of ethanol.

#31: Fast Red In situ (sections)
To minimise RNA degradation great care was taken to use sterile or DEPC treated
reagents. This was also applied to preparation of sections (#29, #30). The slides
containing dewaxed sections were transferred to 100% methanol and rehydrated
through a series of 100%, 75%, 50% and 25% methanol in PBS. After three washes
in dPBT, the embryos were treated with lOpg/ml proteinase K (Boehringer) for 20
minutes in dPBT at room temperature and fixed for 20 minutes in 4%
paraformaldehyde (Sigma). After fixation the slides were washed 3 times in PBS
and then dehydrated through a series of 25%, 50%, 75%, 100% and 100% methanol
in PBS. After air drying lOOpl hybridisation mix [50% formamide (Sigma), 5xSSC,
2% Blocking powder (Boehringer), 0.1% Triton X-100 (Sigma), 0.5% CHAPS
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(Sigma), 5mM EDTA, 50pg/ml Heparin (Sigma) and lmg/ml yeast RNA (Sigma)]
containing 1:200 RNA probe (#19) were applied to the slides. The slides were
covered with a plastic cover slide and hybridisation was carried out at 65°C overnight
in an OmniSlide rack (Hybaid). To remove unbound probe the slides were washed in
25% formamide in 2 x SSC, 2 x SSC, and 0.2 x SSC. All buffers were prewarmed
and the washes were carried out at 65°C. Subsequently the slides were washed 3
times 10 minutes in TNT [lOOmM TRIS pH7.5, 150mM NaCl and 0.1% Triton X-
100] before being transferred to blocking solution [TNT, 2% BSA (BDH) and 15%
heat inactivated sheep serum (Sigma)]. After 3-4 hours at 4°C fresh blocking
solution, containing antibody against DIG [anti-DIG-AP (Boehringer)], was added to
the slides. The antibody incubation was carried out overnight at 4°C. To remove

unbound antibody the slides were washed in TNT containing 0.1% BSA five times 1
hour. To visualise the signal the slides were washed twice in 0.1 M TRIS pH 8.2 for
30 minutes then in 2mL 0.1 M TRIS pH 8.2 containing 1 Fast Red tablet (Roche).

#32: Immunohistochemistry (sections)
The sections were rehydrated through a series of 100%, 75%, 50% and 25%
methanol in PBS. After two 30 minutes washes in PBT [0.2% Triton X-100 in PBS],
the slides were transferred to blocking solution [2% Skimmed milk powder, 1%
DMSO in PBT] and blocked for 6 hours. Primary antibodies (appendix V, (table
A5.2)) were diluted in fresh blocking solution in appropriate concentrations and
added to the slides (approximately 1ml per slide), which were then incubated
overnight at 4°C. Unbound antibodies were removed by washing the slides 5 times
10 minutes in PBT. Before adding the secondary antibody the slides were blocked
for 30 minutes. The slides were incubated for 3 hours with a secondary antibody
coupled to a fluorochrome [Alexa Flour 488 or Alexa 594 (molecular probes)] and
unbound antibodies were removed by washing 4 times 10 minutes in PBT. Finally
the slides were mounted by adding mounting media (Molecular Probes) and a

coverslip. To avoid evaporation the slides were sealed with nail polish.

#33: Brdl) (sections)
E10.5 embryos were labelled with BrdU by injecting 200ml BrdU (lOmg/ml) into a

pregnant female. After a 30 minute labelling period the embryos were dissected out
and fixed in 4% PFA. The embryos were then imbedded in wax (#29) and cut into
sections using the microtome (#30). The sections were rehydrated and trypsinised for
10 minutes at 37°C to facilitate penetration of the antibodies. After washing in PBS
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the slides were incubated in IN HC1 for 10 minutes to denature the DNA.

Incorporation of BrdU into the DNA was detected with antibodies and the remainder
of the protocol is similar to that used for protein detection (#32). After visualising the
BrdU signal the slides were counterstained with Propidium Iodide (1:5000) and
mounted.

#34: Phalloidin and Yo-Pro1 (sections)
Because the phalloidin stain is incompatible with methanol, the sections were

rehydrated through and series of 100%, 75%, 50% and 25% ethanol in PBS. After
two washes in PBT [0.2% Triton X-100 in PBS] the slides were blocked in [2%
Bovine Serum Albumin, 2% DMSO in PBT]. After 2 hours fresh blocking solution
containing 1:10 Alexa Fluor™ 594 phalloidin (Molecular Probes) and 1:2000
dilution of Yo-Prol (Molecular Probes) was added to the slides. The slides were

stained for 30 minutes then washed 3 times 10 minutes and finally mounted in
aqueous mounting media (molecular probes).

#35: Histology (sections)
To visualise the histology, paraffin sections were stained with Eosin and
Hematoxylin. The sections were rehydrated through a series of alcohol washes,
100%, 95%, 70% and then transferred into distilled water for 1 minute. The sections
were then stained for Hematoxylin for 2-5 minutes, rinsed in tap water for 1 minute
and transferred to a blueing agent for 30-60 seconds. After two washes in tap water
the slides were stained with Eosin and finally was three times in alcohol.

6.6 Bone Staining

#36: Bonestain

The protocol used for bone staining is modified from Kessel and Gruss, 1991.
Embryos aged between E15.5 and E18.5 was dissected out and fixed in 100%
ethanol. The length of the ethanol step varied, in periods ranging from 3 days to
several months. The embryos were then transferred to 100% acetone for 3 days and
stained for 10 days in staining solution [1 volume of 0.3% alcian blue (Sigma) in
70% ethanol, 1 volume of 0.1% alizarin red S (Sigma) in 95% ethanol, 1 volume of
100% acetic acid and 17 volumes of 100% ethanol]. After rinsing the embryos were

kept in 1% aqueous KOH until the skeleton became visible 12-48 hours. To clear the
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tissue the embryos were taken into 1 volume of glycerol and 4 volumes of 1% KOH
at 37°C overnight. For storage the specimens were transferred into 50%, 80% and
finally 100% glycerol.

6.7 Multiplex PCR

#37: Isolation of mRNA

The desired tissue was dissected out and frozen immediately in liquid nitrogen.
When ready for use the tissue was homogenised in RNazol and the mRNA was

isolated according to manufacturers description. Extreme care was taken not to
contaminate the samples with RNases.

#38: Preparation of cDNA
The isolated RNA (#37) was diluted to 0.2 pg/pl, denatured at 85°C for 10 minutes
and allowed to cool for 10 minutes on ice. 5pl RNA was mixed with 20pl RT
mastermix [5.0pl 5x RT-buffer, l.Opl dNTPs (25mM), 1.0 pi Random primers,
2.5pl DDT (O.lmM), l.Opl RNAsin, 7.5pl DEPC water and 1.0 pi M-MLV Reverse
transcriptase] and left on ice for 10 minutes to facilitate proper priming. The RT
reaction was carried out at 37°C for 1 hour and finally the cDNA was diluted in 50 pi
DEPC water.

#39: MPX-PCR

The volumes used for one 25pl MPX-PCR reaction was 0.75pl 50pM MgCb, 2.5pl
lOxPCR buffer, 0.125pl dNTP [8mM dA, dG, DTTP and 4mM dCTP], 0.25pl of
each primer 20pM, 0.25pl Taq Polymerase (2u/pl), 0.125pl aPj2-dCTP, 3pl cDNA
(#38) and FEO up to 25pl. The reaction was covered by 25pl mineral oil and run
under the following condition: denaturing 96°C for 30 seconds, annealing at 55°C for
30 seconds and extending at 73°C for 30 seconds. This program was repeated for 22
cycles. The primers used for the MPX-PCR have been designed by researchers at the
Flagedorn Research Institute and can be obtained on request to Dr. Palle Serup.
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6.8 Mouse Stocks

#40: Mouse strains

The Dh mutation is kept on the C57/BL6 inbred mouse strain, but due to genetic
variation, the severity of the Dh phenotype increases progressively when kept on this
background. Unfortunately one of the phenotypic traits that becomes more
pronounced is genital abnormalities which results in reduced fertility. On several
occasions this lead to a shortage of homozygous embryos and to prevent the colony
from being lost the mutation occasionally underwent rounds of out-breeding to
BalbC mice. However, as a result the Dh phenotype changed in severity during the
project so all comparisons of phenotypic differences between wild type and mutant
are based on littermates.

#41: Obtaining mutant embryos
The morning, on which the vaginal plug was detected, was considered as embryonic
day 0.5 (E0.5) of development. When the embryos had reached the desired stage of
development, the pregnant female was sacrificed and the uterus was removed. The
embryos were dissected out in DEPC treated PBS (dPBS). For embryos <E10.5 this
procedure was carried out under a dissecting microscope. To insure proper

genotyping, each embryo and its membranes was treated and stored individually until
the genotype had been determined. The embryos were fixed overnight at 4°C in 2ml
dPBS containing 4% paraformaldehyde. The following day the embryos were

dehydrated through a methanol series and stored in 100% methanol at -20°C.

#42: Preparation of DNA from mutant embryos
The extra-embryonic membranes from each embryo were digested separately
overnight at 55°C in 0.5ml "tail tip" buffer [1% SDS, 0.3M Na-acetate, lOmM TRIS
(pH 7.9) and ImM EDTA] containing lOmg/ml proteinase K. Once the membranes
were completely digested, the DNA was precipitated with 0.5 ml isopropanol. After
centrifugation and removal of the supernatant the genomic DNA was resuspended in
0.25ml of H2O and stored at 4°C.

#43: Genotyping mutant embryos
For genotyping of individual embryos, DNA isolated from extra embryonic
membranes was used as template in PCR reactions (#6). Since the gene affected by
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the Dh mutation is unknown, polymorphic markers mapping close to the Dh
mutation, have been identified. This polymorphism, a CA repeat mapping 10 kb from
InhPb, has been shown to be non-recombinant with the Dh mutation in a backcross
of 869 mice (Maurene et al., unpublished data) and they are reliably used for
genotyping of Dh embryos. For genotyping of Bapxl the DNA of each embryo was

purified using phenol/chloroform extraction (#10). Additionally, because of the high
GC content 10% DMSO was added to the PCR reactions.

After completion of PCR program, lOp.1 of each sample was loaded on an

agarose gel. The primers and conditions used to genotype Dh, Bapxl andpHEXclO
transgenic embryos are listed in appendix IV (table A4.1).
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Table A1.1: Nucleotide sequence alignment of the pHEXcIO construct (forward from intron)

Primer Sequence

PHEXdO
F1
F2
F3
F4

Alignment

TAGCCTCGAGAATTCAnRrnTGrTCnTnCGCTttTAGTATTfiCTrrTTAAAAArCCCTCTCTCTGAAAATGACATGCCCTCGCAATGTAAC
TAGCCTCGAGAATTCACGCGTGCTCCTCCGCTGTAGTATTGCTCCTTAAAAACCCCTCTCTCTGAAAATGACATGCCCTCGCAATGTAAC

TAGCCTCGAGAATTCACGCGTGCTCCTCCGCTGTAGTATTGCTCCTTAAAAACCCCTCTCTCTGAAAATGACATGCCCTCGCAATGTAAC

PHEXrfO
F1
F2
F3
F4
Alignment

TCCGAACTCGTACGCGGAGCCCTTGGCTGCGCCGGGAGGAGGAGAGCGCTATAACCGTAACGCAGGAATGTATATGCAATCTGGGAGTGA

TCCGAACTCGTACGCGGAGCCCTTGGCTGCGCCGGGAGGAGGAGAGCGCTATAACCGTAACGCAlGAATGTATATGCAATCTGGGAGTGA

TCCGAACTCGTACGCGGAGCCCTTGGCTGCGCCGGGAGGAGGAGAGCGCTATAACCGTAACGCAlGAATGTATATGCAATCTGGGAGTGA

PHEXcIO
F1
F2
F3
F4
Alignment

CTTCAACTGCGGGGTGATGAGGGGrTGCGGGCTnGCGCCnTCTr'TCrCCAAGAGGGACGAGGGAGGCAGCCCAAACCTAGCCCTCAACAC

CTTCAACTGCGGGGTGATGAGGGGCTGCGGGCTCGCGCCCTCTCTCTCCAAGAGGGACGAlGGAGGCAGCCCAAACCTAGCCCTCAACAC

PHEXcIO
F1
F2
F3

CTACCCGTCCTACCTCTCGCAGCTGGACTCCTGGGGCGACCCCAAAGCCGCCTACCGCCTGGAACAACCTGTTGGCAGGCCTCTGTCCTC

CTACCCGTCCTACCTCTCGCAlCTGGAlTCCTGGGGCGACCCCAAAGCCGCCTACCGCCTGGAACAACCTGTTGGCAj|GCCTCTGTCCTC
ggcaIgcctctgtcctc

F4

Alignment CTACCCGTCCTACCTCTCGCA|CTGGA|TCCTGGGGCGACCCCAAAGCCGCCTACCGCCTGGAACAACCTGTTGGCAiGCCTCTGTCCTC

PHEXdO
F1
F2
F3

CTGTTrCTACCCACCTAGTGTCAAGGAGGAGAATGTCTGCTGCATGTACAGTGCAGAGAAGCGGGCGAAAAGTGGCCCTGAGGCAGCTCT

CTGTTCCTACCCACCTA§rGTCAAGGAGGAGAATGTCTGCTGCATGTACA|TGCAlAlAAACGGGCGAAAAlTGG|CCTGAlGlAGCTCT
CTGTTCCTACCCACCTAGTGTCAAGGAGGAGAATGTCTGCTGCATGTACAGTGCAGAGAAGCGGGCGAAAAGTGGCCCTGAGGCAGCTCT

F4
Alignment CTGTTCCTACCCACCTAGTGTCAAGGAGGAGAATGTCTGCTGCATGTACAGTGCAGAGAAGCGGGCGAAAAGTGGCCCTGAGGCAGCTCT

PHEXdO
F1
F2
F3

CTACTCCCACCCCCTGCCGGAGTCTTGCCTTGGGGAGCACGAGGTACCTGTACCCAGCTACTACCGAGCCAGCCC-GAGCTACTCCGCGC

CTACTCCCAiCCCCTGCCGGA|TCTTiCCTTGGGGAiCACGAiGTACCTGT|CCCAlCTACTAlCGAHCAA|CCiGAGCTACTCCGCGC
CTACTCCCACCCCCTGCCGGAGTCTTGCCTTGGGGAGCACGAGGTACCTGTACCCAGCTACTACCGAGCCAGCCC-GAGCTACTCCGCGC

F4

Alignment CTACTCCCACCCCCTGCCGGAGTCTTGCCTTGGGGAGCACGAGGTACCTGTACCCAGCTACTACCGAGCCAGCCC-GAGCTACTCCGCGC

PHEXdO
F1
F2
F3

TGGACAAAACGCCCCACTGTGCTGGGGCCAACGAGTTCGAAGCCCCCTTTGAGCAGCGGGCCAGTCTCAACCCGCGCACCGAACATCTGG

TGGACAAAACGCCCC
TGGACAAAACGCCCCACTGTGCTGGGGCCAACGAGTTCGAAGCCCCCTTTGAGCAGCGGGCCAGTCTCAACCCGCGCACCGAACATCTGG

F4
Alignment TGGACAAAACGCCCCACTGTGrTGnfinCCAACGAnTTrGAAGrrrCCTTTGAGCAGrGGnrrAGTCTCAACCCGCGCArCGAACATCTGr,

PHEXdO
F1
F2
F3

AATCGCCTCAGCTTGGGGGCAAAGTGAGTTTTCCTGAGACCCCCAAGTCCGACAGCCAGACCCCCAGTCCCAATGAGATCAAGArAGAGC

AATCGCCTCAGCTTGGGGGCAAAGTGAGTTTTCCTGAGACCCCCAAGTCCGACAGCCAGACCCCCAGTCCCAATGAGAT|AAGACAGAGC

F4

Alignment aatcgcctcagcttgggggcaaagtgagttttcctgagacccccaagtccgacagccagacccccagtcccaatgagat|aagacagagc

PHEXcIO
F1
F2
F3
F4

Alignment

AAAGCCTGGCGGGCCCAAAAGCCAGCCCCTCGGAGAGCGAGAAGGAACGGGCCAAGACCGCAGACTCCAGTCCAGACACCTCGGATAACG

AAAGCCTGGCGGGCCCAAAAGCCAiCCCCTCGGAGAGCGA§AAiGAACGGGCCAAGACCGCAGACTCCAGTCCAiACACCTCGGATAACG
CGAGAAGGAACGGGCCAAGACCGCAGACTCCAGTCCAGACACCTCGGATAACG

AAAGCCTGGCGGGCCCAAAAGCCAiCCCCTCGGAGAGCGAGAAGGAACGGGCCAAGACCGCAGACTCCAGTCCAGACACCTCGGATAACG

PHEXcIO
F1
F2
F3
F4

Alignment

AAGCTAAAGAGGAGATAAAGGCAGAAAACACCACAGGAAATTGGCTGACAGCAAAGAGCGGAAGGAAGAAGAGGTGCCCCTATACTAAAC

AAGCTlAAGAGGAGATAAAGGCAGAAAACACCACA|GAAATTGGCTGACA|CAAAlA|CGGlAGGAAGAA|AGGTGCCCCTATACTAAAC
AAGCTAAAGAGGAGATAAAGGCAGAAAACACCACAGGAAATTGGiTGACAGCAAAGAGCGGAAGGAAGAAlAGGTGCCCCTATACTAAAC

AAGL'l'AAAUAGUAGATAAAGGCAGAAAACAUL'ACAGGAAATTUGC'rGAtJAGCAAAUAUCUGAAGUAAUAABAGGTGUC'CCTATAtJ'rAAAL;
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Table A1.1: Continued

Primer Sequence

PHEXcIO
F1
F2
F3
F4

Alignment

PHEXcIO
F1
F2
F3
F4
Alignment

PHEXcIO
F1
F2
F3
F4

Alignment

PHEXcIO
F1
F2
F3
F4

Alignment

PHEXcIO
F1
F2
F3
F4
Alignment

PHEXcIO
F1
F2
F3
F4

Alignment

PHEXcIO
F1
F2
F3
F4

Alignment

PHEXcIO
F1
F2
F3
F4
Alignment

PHEXcIO
F1
F2
F3
F4

Alignment

PHEXcIO
F1
F2
F3
F4

Alignment

HoxcIO
zPax3-3'UTR
Minor discrepancy
■discrepancy

ACCAGACGCTGGAATTGGAGAAAGAATTTCTGTTCAATATGTATTTGACGCGAGAGCGCCGCCTGGAGATTAGCAAGACCATTAACCTTA

ACiA§ACGCTGGAATTGG|GAAAGAATTTCTGTTCAATATGT|TTTG|CGClAGAGCGCC|CCTGGiGATTH|CAAGACCATTAACCTTA
ACCAGACGCTGGAATTGGAGAAAGAATTTCTGTTCAATATGTATTTGACGCGAGAGCGCCGCCTGGAGATTAGCAAGACCATTAACCTTA

ACCAGACGCTGGAATTGGAGAAAGAATTTCTGTTCAATATGTATTTGACGCGAGAGCGCCGCCTGGAGATTAGCAAGACCATTAACCTTA

CAGACAGACAAGTCAAAATCTGGTTTCAAAATCGCAGAATGAAACTCAAGAAAATGAACCGAGAGAATCGGATCCGGGAACTGACCTCCA

CAlACAGACAAlTCAAAATCTGGTTTCAAA|TC|CAGAATGAAACTCAAGAAAATGAACCGAlAGAATCCG|TCCGGGAA|TGACCTCCA
CAGACAGACAAGTCAAAATCTGGTTTCAAAATCGCAGAATGAAACTCAAGAAAATGAACCGAGAGAATCGG|TCCGGGAACTGACClCCA

CAGACAGACAAGTCAAAATCTGGTTTCAAAATCGCAGAATGAAACTCAAGAAAATGAACCGAGAGAATCGGiTCCGGGAACTGACCTCCA

ATTTTAATTTCACCTGAGCCAGCGTCATCTCCTCCCCCTCCCCTTCTCCCCTT'rCCCCGCCCCTCCTCGCTTTGTGCCTGGTGATATATT

ATTTTAATTTCACCTGAGCCAG

ATTTTAATTTCACCTGAGCCA|CGTCATCTCCTCCCCCTCCCCTTCTCCCCTTTCCCCGCCCCTCCTCCCTTTGTGCCTGG|GATATATT
PTCqgggTCCqCTTgTCCqgTTTqCCCggqCCTqCTCggTTTGTGCCTGGTgATATATT

ATTTTAATTTCACCTGAGCCAGCGTCATCTCCTCCCCCTCCCCTTCTCCCCTTTCCCCGCCCCTCCTCCCTTTGTGCCTGGTGATATATT

TTTTTCCCTCCCTGAGTATAAATGCAACTAGCTAGTGGATCCCGGG'X'TCGAC'CA,.L'G'J.'GGCGTCTTAC(JA-GTACAGCCAATATGGGCAGA

TTTTTCCCiCCC|GAGTATAAATGCAACTAGHAGTGGATCCCGGGTTCGACCAiGTGGCGTCTTACCA-GTACAGCCAATATGGGCAlA
tttttccctccctgagtataaati i TCCCGGGTTCGACCATGTGGCGTCTTACCAiGTACAGCCAATATGGGCAGA
TTTTTCCCTCCCTGAGTATAAATGCAACTAGHAGTGGATCCCGGGTTCGACCATGTGGCGTCTTACCA-GTACAGCCAATATGGGCAGA

gcaaggtgaataccagcactgttactactgtagaaagactgtcacgtgtttatcctctaaaaagggcttcatttggattggtggaataaa

GCAAGGGGlATACCAiCACTGTTACTACTGTAGAAAGACTGTCACGTGTTTATCCTClAAAAAiGGC|TCATTTGG|TTGGiGGlATAAA
gcaaggtgaataccagcactgttactactgtagaaagactgtcacgtgtttatcctcBaaaaagggcttcatttggattggtggaataaa
GCAAGGTGAATACCAGCACTGTTACTACTGTAGAAAGACTGTCACGTGTTTATCCTCiAAAAAGGGCTTCATTTGGATTGGTGGAATAAA

gcaaaatattacttaattgaattgctctcaataatgtcagaagattatttatgttcatgagactttgtcaaaattttttgf'aaoatacta

BgaaaataJ|tacttaattgaattgctc|caa|aa1gtcagaaBattatttatgttcatgagactttgtcaaaattttttgcaaca|ac|a
gcaaaatattacttaattgaattgctctcaataatgtcagaagattatttatgttcatgagactttgtcaaaattttttgcaacatacta
GCAAAATATTACTTAATTGAATTGCTCTCAATAATGTCAGAAGATTATTTATGTTCATGAGACTTTGTCAAAATTTTTTGCAACATACTA

tgtagtcttaattatgtggaaattttacaf!aacatttacatrattttaacpa a aga ari'as a fl'itm'aatt*gft*aft" t." a.a atcta

fgtagtctlaattalgtggaaa
■gtaBtcttaattatgtggaaatttttacacaacatttacatcattttaaccaaagaaccaaaatgcaattagccaccttgttcaaatcI
Bgtagtcttaattatgtggaaatttttacacaacatttacatcattttaaccaaagaaccaaaatgcaattagccaccttgttcaaatc|

ttatgatattttggaaagatgttctacttggttatacactgtaaaaagtgatta-gttacttgattaaaaaaaaaaaaaattgaGGTAAC

ATATGATATTTTQGjAAGATGTTgTAqtrGGTTATACACTGTAAAAAGTGATTAiGTTACirGATTAAAAAAAAAAAAAATTGAGGgAAC
ATATGATATTTTGGiAAGATGTTCTAC|TGGTTATACACTGTAAAAAGTGATTA|jGTTACiTGATTAAAAAAAAAAAAAATTGAGGiAAC
ctgttaccttaaaa-gtgacaagttgactttgagtaaacotgttgtaacgcagaactgttattattactcacatagttcatttacctaaa

CTGTTACCtTAAAAjgTGACAAlrTGACTTTGAqTAAACCTGTTGTAlCGCAlAACTGtrBTATTACBCACABAGtrCATTTACCTAAA
CTGTTACClTAAAAlGTGACAAiTTGACTTTGAGTAAACCTGTTGTA|CGCAlAACTGiTB|TATTACBCACAlAG|TCATTTACCTAAA

tttttttaacctcttaagaccaaaggtgttttttttacatgcattt

TTTTTTTAACCjCTjAAGAgCftAAG<?TGTTTTTTTTAQATGCAT|
tttttttaaccBctBaagaccaaaggtgttttttttacatgcat|

Appendix I



Appendix II: MPX-PCR - annotated gels

HeckOI: Annotated Gel
C\JOo0)X Annotated Gel

Heck03: Annotated Gel
Heck04: Annotated Gel
Heck05: Annotated Gel

CDoo0)X Annotated Gel
Heck07: Annotated Gel
Heck08: Annotated Gel
Heck09: Annotated Gel
HecklO: Annotated Gel
Heckl 1: Annotated Gel
Heck12: Annotated Gel
Heckl 3: Annotated Gel
Heckl 4: Annotated Gel
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- Internal control
- No PCR product detected
- PCR product present at the correct size
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- Internal control
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- Internal control
- No PCR product detected
- PCR product present at the correct size
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■ Internal control
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- Internal control
- No PCRproduct detected
- PCR product present at the correct size
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- Internal control
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Appendix III: Degenerate PCR's

Table A3.1: Sequence alignment of the inhibin(3 family
Table A3.2: Sequence alignment of the BMP family



Table A3.1: Sequence alignment of the Inhibin-f) family

Primer

CLUSTAL W 1.

Inhfla
Inhpb
Inhpc
Inhpe

tnhfja
Inhpb
Inhpc
Inhpe

Inhpa
Inhpb
Inhpc
Inhpe

Inhpa
Inhpb
Inhpc
Inhpe

Inhpa
Inhpb
Inhpc
Inhpe

Sequence

Comments

tccctctgsctatcacgcc4attattgtgagggggag
'gcgcccactqc3ctactacgggaactactgtgagggcagc
cagcct(;aaggc:tatgccatgaacttctgcagcgggcac:
cagccggagggataccagctgaattactgcagtgggcag

tgcccggcctatctgggcggggtccctggctcagcttcctccttccacacagccgtggtg
tgcccactacatgtggcaggcatc-cctggcatctctgcctcctttcacactgcagtgctg

tgccggccccaccieg^'iggcagtcccggcattggtgcctcgttccattctgccgtcttt

aacCactaccggktgaggggtcacagGccctttg gcaaccttaagtcatgctgtgt
aaccagtaccgcatgcgtggcctc,aaccc-tggg cc - -cgtgaactcttgctgcat

aatgt—ggtcaa-agccaacgcaggtgcipggcaccaGtggcaggggctcgtgctgcgt
AGCCT-—CC?caa-AGCCAACAACCCr--tgcc ctgcgggttcttcctgctgtgt

gcccacoaaoctgagacccatgtocatgt.'tgta'itacga'rgatgg'tcaaaacatca-caa
ccctaceaagctgagctcc;atgtccatgctctact7tga70acgagtacaacat70tcaa

ggctacatctgggcgccgtcegfctttgcjcractatgacagggacagcaacattgtcaa
ccccactgcaggaaggcctctctctctcctctaccttgaccataatggcaatgtggtcaa

aaaggacatt'

gcgggatgtgccc.
gacggataTaccti
gaccgatgtgcca<

itgctcc

'tgcgcctga

tGtagt

fgcagc

Forward Primer: 5'-GGSTGGMRNGAITGGATCMT-3'
Reverse Primer: 5'-CCRCASKCCTCNACNAYCATGT-3'

Product size: Approximately 272bp

Universal Degenerate Code:
M=(A,C); R= (A,G); W= (A,T); S=(C,G); Y=(C,T); K= (G.T); V=(A,C,G); H=(A,C,T); D= (A,G,T); B= (G.T.C); N= (A.G.T.C)

Completely conserved {outside primer sequence)
Majority conserved
Minntitv rnn^erveri

»»> Forward primer
««< Reverse Primer
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Table A3.2: Sequence alignment of the Bmp family

Primer Sequence

CLUSTAL W (1.74) multiple sequence alignment

Forward Primer: 5'-GAISTSGGNTGGMWKGAITGG-3'
Reverse Primer: 5'-ATGGCRTGGTTRGTKGMRTTWA-3'

Product size: 110bp

Bmp2
Bmp4
BmpS
Bmp6
BmpS
Bmp11

Bmp2
Bmp4
Bmp5
BmpS
BmpS
Bmp11

Comments

Universal Degenerate Code:
M=(A,C); R= (A,G); W= (A.T); S=(C,G); Y=(C,T); K= (G,T); V=(A,C,G); H=(A,C,T); D= (A.G.T); B= (G,T,C); N= (A.G.T.C)

Completely conserved (outside primer sequenoe and BmpH)
Majority conserved
Minority conserved
»»> Forward primer
««< Reverse Primer
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Appendix IV: Primer sequences

Table A4.1: Primer sequences used for cloning and genotyping
Table A4.2: Oligo sequences used for sequencing
Table A4.3: Oligo sequences used for cloning of the pHEX construct
Table A4.4: Primer sequences used for making in situ probes
Table A4.5: Enzymes used for verification of pPAX plasmids



Table A4.1: Primer sequences used for cloning and genotyping

Template Conditions 1 Primers

no PCR product Ann. C° Den. C° Cycles Direction Primer sequence 5'-> 3'

1 Zebrafish Pax3 3'UTR 65 93 35
Forward
Reverse

GGTACAGCGTCGACCATGTGGCG
TTACTATTATACGGCGGCCGCACATTTTAGCTCTGAAG

2 Hoxcllf 62 93 35
Forward
Reverse

CGACGCGTGCTCCTCCGCTGTAGTATTGC
GCACTAGTTGCATTTATACTCAGGGAGGG

3 Myogenin 65 93 35
Forward
Reverse

TGGGGCTGTCCTGATGTCCAGA
GACCTTGGCAGACGGCAGCTTT

4 pHEX (across intron) 65 93 35
Forward
Reverse

TCTGCAGAAGTTGGTCGTGAGG
CGCAGTTGAAGTCACTCCCAGA

5 Dh (Inhfib) 57 93 35
Forward
Reverse

GGAAGAGTGGTCTAGTTTCTATGG
AGCCTGGAGGCTTAACTAGCAC

6 Bapxl 65 93 35
Forward
Reverse

CCGAACCAGAACAGCCGTGG
CAGCCCCCTTCCTGGAGAAC

7 inhfib (Exonl/ 65 93 35
Forward
Reverse

CCTGCCTTCTGCTCCTGGTG
CCACCTGTCTCTGCAAAGCTGA

8 Inhfib (Exon2) 65 93 35
Forward
Reverse

GGTCCGCCTGTACTTCTTCGTC
GCCTCTCCTGCTCCCTCAAAG

9 InhfSb (intron) 65 93 10/25
Forward
Reverse

TCCGAGATCATCAGCTTTGCAG
GCCTGCACCACGAATAGGTTCT

10 Inhfib (degenerate) 60 93 35
Forward
Reverse

GGSTGGMRNGAITGGATCMT
CCRCASKCCTCNACNAYCATGT

11 Bmp (degenerate) 60 93 35
Forward
Reverse

GAISTSGGNTGGMWKGAITGG
ATGGCRTGGTTRGTKGMRTTWA

12 Bmp11 60 93 35
Forward
Reverse

CATGGAGCTTCGAGTCCTAGAG
CAGGGATCTTGCCGTAGATAAT

'
Elongation of DNA strands was carried out at 72°C.

2The HoxcIO gene was amplified using the Pful polymerase (# 7)
3
The Inhfib was amplified using GC Advantage®-GC Genomic PCR (#8)
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Table A4.2: Oligo sequences used for sequencing

Oligo Conditions 1
Sequence

no name Ann. C° Den. C° Cycles Direction Primer sequence 5'-» 3'

1 T7 50 94 25 Forward GTAATACGACTCACTATAGGGC

2 M13 reverse 50 94 25 Reverse GGAACAGCTATGACCATG

3 pHEX (fIGlobin left) 50 94 25 Reverse CGACAAGCCCAGTTTCTATTG

4 pHEX (HoxclOa) 50 94 25 Forward TTTGCCTTTCTCTCCACAGG

5 pHEX (HoxclOb) 50 94 25 Forward ACTCCTGGGGCGACCCCAAA

6 pHEX (HoxclOc) 50 94 25 Forward TCCGACAGCCAGACCCCCAG

7 pHEX (HoxclOd) 50 94 25 Forward TCGGATCCGGGAACTGACCT

1

Elongation of DNA strands was carried out at 60°C.
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Table A4.3: Sequences for oligos used for cloning of the pHEXconstruct

Cloning Step Restriction sites Oligo sequence

Constructs comments Primer sequence 5'—» 3'

pPAX3.1-pPAX3.2 ABamHI-Sfil-Sacli-ABamHI Oligol:
Oligo2:

GATCAGGCCATTATGGCCGCGGT
GATCACCGCGGCCATAATGGCCT

pPAX3.2-pPAX3.3 Bglll-Sfil-Sacll-NgolV-Kasl-Pstl Oligol:
Oligo2:

GGCGCCGGCCGCGGCCTATTAGGCCA
GATCTGGCCTAATAGGCCGCGGCCGGCGCCTGCA

pPAX3.3-pPAX3.4 XbalSpel-BamHI-Smal-jSall Oligol:
Oligo2:

CTAGACTAGTGGATCCCGGGTOTCGAACCCGGGAT
CCACTAGT

pPAX3.4-pPAX3.5 Narl-EcoRV-Sall-Hindlll-Bcll-Pstl
oo coco" oo ISO-A GTGATCAAGCTTGTCGACGATATCGG11CGCCGATA

TCGTCGACAAGCTTGATCACTGCA

pPAX3.5-pHEX pGlobin Basal promoter

Oligol:

Oligo2:

GAAGCAAATGTAAGCAATAGATGGCTCTGCCCTGA
CTTTTATGCCCAGCCCGGGAAGCTGATCAGCTTCO
CGGGCTGGGCATAAAAGTCAGGGCAGAGCCATCTA
TTGCTTACATTTGCTTCTGCA

Blue indicates the restriction site has been preserved
Red indicates the restriction site has been deleted
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Table A4.4: Primer sequences for in situ probes

Template Conditions1 Primers

Gene Ann. C° Den. C° Cycles Size Direction Primer sequence 5'-* 3'

"Hox11 57 93 35 530bp
Forward
Reverse

agaggaacgtgaggccgaga
ggatcccagaagccttccgg

'Barxl 60 93 35 376bp
Forward
Reverse

agacaattaagggccagacaag
ccgtctttgtaagagaggggta

•Pdx1 56 93 35 700bp
Forward
Reverse

cgagagacacatcaaaatctgg
cagaagcagcctcaaagttttc

ActRllb 65 93 35 513bp
Forward
Reverse

ccccaggtgtacttctgctgct
gtaatacgactcactatagggtgtgctgaagatttcccgttca

Bmp3b 65 93 35 471 bp
Forward
Reverse

cacagccgccttccacttctac
gtaatacgactcactatagc gctgctccaggctcaaagtctc

Bmp5 65 93 35 478bp
Forward
Reverse

cacctcttgccagcctacatga
g7aatacgactcac7atagggtgtcttcccacaagaccagcag

Bmp10 65 93 35 452bp
Forward
Reverse

caaaggcatcgtcaccaaactg
gtaatacgactcactatagc ggagagaaggctcccggtacat

Bmp11 65 93 35 472bp
Forward
Reverse

atcctggatctgcacgacttcc
caaaggcgttgatctcgattcc

Capsulin 65 93 35 468bp
Forward
Reverse

gcccagtcaggctctttcactc
gtaatacgactcactatagg cttttcttagtgggcgccttcc

Fgf9 65 93 35 466bp
Forward
Reverse

tggacagtccggtgttgctaaa
gtaatacgactcactatagg< ccttctcttggagtcccgtcct

Fgf11 65 93 35 477bp
Forward
Reverse

cagaaacagctcctcatcctg
gtaatacgactcactat cttggtcttcttgactcggttt

Fgf13 65 93 35 478bp
Forward
Reverse

cattgatggcaccaaagacgag
g7aatacgactcac tatagg gctcatggatttgcctccattc

Fgf18 65 93 35 472bp
Forward
Reverse

tggtatgtgggcttcaccaaga
gtaatacgactcactat cctcgttcaagtcctcctctgg

FgfR1 65 93 35 466bp
Forward
Reverse

gggagcatcaaccacacctacc
gtaatacgac tcactatagc aggccccggtgcagtagataat

FgfR2 65 93 35 477bp
Forward
Reverse

gcttcatctgcctggtcttggt
gtaatacgactcacta i tggtccagtacggtgctctctg

FgfR3 65 93 35 471 bp
Forward
Reverse

tggtgaccgaggacaatgtgat
g 7aatacgactcaccatagg cacctggcgagtactgctcaaa

FgfR4 65 93 35 472bp
Forward
Reverse

aggtggtcagtgggaagtctgg
gtaatacgactcactatagc cgaggagctgctgagtgtcttg

Gdf6 65 93 35 346bp
Forward
Reverse

gcaagcgacatggcaagaagt
gtaatacgactcactatagc gactccaccaccatgtcctcat

Inhbb 65 93 35 500bp
Forward
Reverse

ggtccgcctgtacttcttcgtc
G taa 7acgactcac7atagGgatgagccgaaagtcgatgaagaact

Lefty 65 93 35 431 bp
Forward
Reverse

ccatgattgtcagcgtgaagga
gtaatacgactcactatagggtggggattctgtccttggtttg

Nkx2.5 65 93 35 328bp
Forward
Reverse

acttgaacaccgtgcagagtcc
gtaatacgactcactataggggtgtggaatccgtcgaaagtgc

Nodal 65 93 35 350bp
Forward
Reverse

gtgaagaccaagccactgagca
gtaatacgactcactatagggatacaccccagcctttgcacac

Pitx2 65 93 35 412bp
Forward
Reverse

tagaaggtcgtgcgcactatgg
gtaatacgactcactatagggctttgctcgcaagcgaaaaatc

1
Elongation of the DNA strands is carried out at 72°C for all markers.

* PCR products were subsequently cloned into pCR2.1
Red indicates T7 promoter sequence
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Table A4.5: Enzymes used for verification of plasmids

Construct Conditions Band sizes

Step no Plasmid Plasmid Restriction enzymes Bacterial Vector Other products

1 pPAX3.1 pCI EcoRI and Not1
pPAX3.1 EcoRI and Not1

pPAX3.1 Bglll and Sfil
pPAX3.1 Bglll and Sf/7 and Nhel

~4000bp
~4000bp

~4900bp
~3800bp

Obp
~900bp

Obp
11OObp

2 pPAX3.2 pPAX3.2 Bglll and Sfil
pPAX3.2 Bglll and Sfil and Nhel

~2600bp
~2600bp

~2300bp
~1200bp and ~1100bp

3 pPAX3.3

PPAX3.2 Sfil
pPAX3.2 Bglll and Sfil
PPAX3.2 Bglll and Sfil and Nhel
pPAX3.3 Sfil
PPAX3.3 Sfil and Nhel

PPAX3.3 Sfil and Sail
PPAX3.3 Sfil and Spel

-4900bp
-2600bp
~2600bp

~2600bp
~2600bp

~2600bp
~2600bp

Obp
~2300bp

~1200bp and -11 OObp
-1500bp

~1200bp and ~300bp

-1200bp and ~300bp
~1500bp

4 pPAX3.4 pPAX3.4 Sfil and Sail
pPAX3.4 Sfil and Spel

pPAX3.4 Not1 and Sail
pPAX3.4 Notl and Pstl

~2600bp
~2600bp

~4200bp
~3000bp

~1500bp
-1200bp and ~300bp

Obp
~1200bp

5 pPAX3.5 pPAX3.5 Notl and Sail
PPAX3.5 Notl and Pstl

PPAX3-S HinDIII and BamHI
pPAX3.5 Smal

~3000bp
-3000bp

~3900bp
-4200bp

~1200bp
~1200bp

~300bp
Obp

6 pHEX pHEX HinDIII and BamHI
pHEX Smal

pHEX HinDIII and Sail

~3900bp
~4000bp

~4300bp

-400bp
~300bp

Obp
7 pHEX-IE pHEX-IE HinDIII and Sail

pHEX HinDIII

~4300bp

-4300bp

~2900bp

Obp
8 pHEX-NE pHEX-IE HinDIII

pHEX-IE Mlul and Spel

~4300bp

~7200bp

-1900bp

Obp
9 pHEXc10-IE pHEXc10-IE Mlul and Spel

pHEX-NE Mlul and Spel

~7200bp

-6200bp

~1200bp

Obp
10 pHEXctO-NE pHEXctO-NE Mlul and Spel -6200bp ~1200bp

After Hoxc lOhad been cloned into pHEX-NE to give pHEXc10-NE the construct was sequenced.
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Appendix V: Data sheets for In situ probes and Antibodies

Table A5.1: Data Sheet for in situ probes
Table A5.2: Data sheet for primary and secondary antibodies



Table A5.1: Data sheet of in situ probes

Gene Antisense Comments

In situ probe Restriction enzyme RNA polymerase Template Source

ActRllb T7 PCR product Hecksher-Sorensen, J.
Alx4 Sail T3 Plasmid -

Bapxl HinDlll T7 Plasmid Lettice, L
Barxl BamHI T7 Plasmid Hecksher-Sorensen, J.
Bmp2 Xbal T3 Plasmid -

Bmp3b - T7 PCR product Hecksher-Sorensen, J.
Bmp4 Acc1 T7 Plasmid Hogan, B.
Bmp5 - T7 PCR product Hecksher-Sorensen, J.
Bmp7 Sail Sp6 Plasmid -

Bmp10 - T7 PCR product Hecksher-Sorensen, J.
Bmp11 - T7 PCR product Hecksher-Sorensen, J.
Capsulin - T7 PCR product Hecksher-Sorensen, J.
a-Collagen EcoRi T3 Plasmid -

Dhh EcoRI T7 Plasmid McMahon, A.
EM Clal T7 Plasmid -

Fgf4 EcoRI T3 Plasmid Lettice, L.
Fgf8 HinDlll T3 Plasmid Mahmood, R.
Fgt9 - T7 PCR product Hecksher-Sorensen, J.
FgflO BamHI T3 Plasmid -

FgfU - T7 PCR product Hecksher-Sorensen, J.
Fgf13 - T7 PCR product Hecksher-Sorensen, J,
Fgfl8 - T7 PCR product Hecksher-Sorensen, J.
FgfRt - T7 PCR product Hecksher-Sorensen, J.
FgfR2 - T7 PCR product Hecksher-Sorensen, J,
FglR3 - T7 PCR product Hecksher-Sorensen, J,
FgtR4 - 17 PCR product Hecksher-Sorensen, J.
Formin Nsil 17 Plasmid -

Follistain EcoRI 17 Plasmid Dickman, D.
Gdf6 - 17 PCR product Hecksher-Sorensen, J.
GH2 Kpnl 13 Plasmid lettice, L.
Gremlin Pstl 13 Plasmid -

Hoxl 1 HinDlll 17 Plasmid Hecksher-Sorensen, J,
Hoxa9 HinDlll 17 Plasmid Capecchi, M.
HoxalO Xhol 17 Plasmid Capecchi, M.
Hoxa 11 Asp718 17 Plasmid Capecchi, M.
Hoxb8 EcoRI 17 Plasmid Krumlauf, R
Hoxb9 EcoRI 17 Plasmid Krumlauf, R.
Hoxc9 EcoRI 13 Plasmid Capecchi, M.
HoxcIO Xhol 17 Plasmid Capecchi, M.
Hoxcl 1 Xbal 13 Plasmid Capecchi, M.
Hoxd9 BamHI 17 Plasmid Duboule, D.
HoxdtO EcoRI 17 Plasmid Duboule, D.
Hoxdl 1 EcoRI 17 Plasmid Duboule, D.
Hoxd12 BamHI 17 Plasmid Duboule, D.
Hoxdl3 Pvull 17 Plasmid Duboule, D,
Ihh Xbal 17 Plasmid McMahon, A.
inhflb - 17 PCR product Hecksher-Sorensen, J.
Krox20 BamHI 13 Plasmid -

Lefty1 - 17 PCR product Hecksher-Sorensen, J.
Msx1 BssHII 17 Plasmid Hill, R. E.
Myogenin EcoRI 17 Plasmid -

Nkx2.5 - 17 PCR product Hecksher-Sorensen, J.
Nkx3.1 EcoRV 17 Plasmid
Nodal - 17 PCR product Hecksher-Sorensen, J.
Patched BamHI 13 Plasmid -

Paxt HinDlll 17 Plasmid -

Pax3 HinDlll 17 Plasmid -

Pax9 BamHI 13 Plasmid -

Pitx2 . 17 PCR product Hecksher-Sorensen, J,
Pdx1 Apal 13 Plasmid Hecksher-Sorensen, J.
RdR1 Sail 13 Plasmid ■::i :,:i i;
Scleraxis Apal Sp6 Plasmid -

Shh HinDlll T3 Plasmid McMahon, A.
Sox9 Xhol T3 Plasmid Koopman, P.
Tbx4 EcoRV T7 Plasmid -

Tbx5 EcoRV T7 Plasmid -

Wnt7a BamHI T7 Plasmid -

Wnt5a EcoRI SP6 Plasmid -

Wnt7b HinDlll T7 Plasmid -
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Table A5.2: Data sheet of primary and secondary antibodies

Antibody data sheet

1s' Antibody Dilution Raised in Cell type Company Catalogue no Prize

a-lnsulin 1:1 OC Guinea Pig Pancreas/p-ceils Dako A0564 £82.66 (0.2ml)

a-Glucagon 1:100C Mouse Pancreas/a-cells Sigma G2654 £57.70 (0.2ml)

a-Somastatin 1:30C Rabbit Pancreas/8-cells Dako A0566 £79.33 (0.2ml)

a-PP 1:1 OC Rabbit Pancreas/y-cells Dako A0619 £116.66 (o.2ml)

a-Pdx1 1:80C Rabbit Pancreatic Endoderm Hagedorn - Gift

oc-lsll 1:25 Mouse Dorsal Mesenchyme P. Rashbash - Gift

ct-Hnf3P 1:50C Rabbit Endoderm B. Hogan - Gift

a-E-cadherin 1:2£ Mouse Epithelial cells Santa Cruz Sc-8426 £150.00 (200 pg)

a-Calbindin 1:1 OC Mouse Collecting tubules Chemicon AB1778 -

a-Laminin 1:1 OC Rabbit Epithelia Sigma L9393 -

cc-BrdU 1:20C Mouse Brdtl - - •

a-NF160 1:80C Mouse Neurofilament Sigma N5264 £65.80 (0.2ml)

2nd Antibody Dilution Raised in Label Company Catalogue Prize

a-Mouse IgG 1:20C Goat Aiexa 488 (green) Mol. Probes A-11001 £79.62 (0.5 ml)

a-Rabbit IgG 1:20C Goat Alexa 594 (red) Mol. Probes A-11012 £101.52 (0.5 ml)

a-Rabbit IgG 1:20C Goat Alexa 488 (green) Mol. Probes A-11008 £79.62 (0.5 ml)

a-Guinea Pig IgG 1:20C Goat Alexa 594 (red) Mol. Probes A-11076 £101.52 (0.5 ml)
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Appendix VI: Confocal Paper

Hecksher-Sorensen, J. and Sharpe, J. (2001). 3D confocal reconstruction
of gene expression in mouse. Mech Dev 100, 59-63.
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3D confocal reconstruction of gene expression in mouse
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Abstract

Three-dimensional computer reconstructions of gene expression data will become a valuable tool in biomedical research in the near future.
However, at present the process of converting in situ expression data into 3D models is a highly specialized and time-consuming procedure.
Here we present a method which allows rapid reconstruction of whole-mount in situ data from mouse embryos. Mid-gestation embryos were
stained with the alkaline phosphotase substrate Fast Red, which can be detected using confocal laser scanning microscopy (CLSM), and cut
into 70 |xm sections. Each section was then scanned and digitally reconstructed. Using this method it took two days to section, digitize and
reconstruct the full expression pattern of Shh in an E9.5 embryo (a 3D model of this embryo can be seen at genex.hgu.mrc.ac.uk).
Additionally we demonstrate that this technique allows gene expression to be studied at the single cell level in intact tissue. © 2001 Elsevier
Science Ireland Ltd. All rights reserved.

Keywords: Mouse; Development; Gene expression; In situ hybridization; Confocal microscopy; Reconstruction; 3D

1. Results
\

1.1. Single-cell resolution

Whole-mount in situ hybridization was performed on
mouse embryos using Fast Red (Roche) as the final
substrate, and these were then embedded in 5% LMP agar¬
ose and cut into 70-100 pun sections using a vibratome.
Using a confocal microscope to visualize fluorescence
from the Fast Red precipitate we were able to detect a

signal resolution which makes it possible to identify the
expression pattern of a specific gene at the single cell level.
We first examined the expression of Shh, Gli2 and

Patched. Although Shh and Patched are strongly expressed
genes which are easy to visualize with in situ techniques,
Gli2 is weakly expressed and therefore a good test of the
sensitivity of the assay. All three genes could be well visua¬
lized (Fig. la-c) and corresponded to their previously
described domains of expression (Echelard et al., 1993;
Ding et al., 1998; Goodrich et al., 1996).
In another experiment we examined Pax6 expression in

the developing eye of an El 0.5 mouse embryo and explored
the use of a counter-stain to visualize all the nuclei of the
tissue. In addition to the Fast Red staining, the tissue was

* Corresponding author. Tel.: +44-131-332-2471; fax: +44-131-343-
2620.

E-mail address: jsharpe@hgu.mrc.ac.uk (J. Sharpe).

stained with the nuclear dye YoPro-1 iodide (Fig. ld,d').
The results show Pax6 expression in lens, the tips of the
optic cup and in the overlying epithelium (Walther and
Gruss, 1991; Grindley et al., 1995).
The high resolution offered by this technique provides

an ideal tool for studying gene interactions between neigh¬
bouring cells. To test this possibility we carried out an

experiment looking at the expression of Shh and Patched
in combination with an antibody staining of the homeobox
protein PDX1 in the developing gut (Fig. le,f). During the
development of the pancreas Shh expression is excluded
from the pancreatic buds, while Pdxl is expressed exclu¬
sively in this tissue. Patched is expressed in the mesench¬
yme adjacent to the Shh expressing endoderm but not in
the mesenchyme adjacent to the Pdxl expressing endo¬
derm. Our results agree with these observations and
clearly demonstrate that this technique can be used to
analyze gene interaction at the single cell level in intact
tissue.

1.2. 3D data collection

The ability to scan the expression pattern as a fluorescent
signal to a significant depth means that complete 3D blocks
of high-resolution data can be captured in a single process,
as is often done for antibody staining (Mohun et al., 2000).
An El0.0 embryo was stained for Shh and cut into 70 |xm
sections. Seventy micrometers is the maximum depth at
which good cellular resolution can be obtained (data not

0925-4773/01/$ - see front matter © 2001 Elsevier Science Ireland Ltd. All rights reserved.
PI I: S0925-4773(00)00508-6
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Fig. 2. 3D scanning of Shh expression data, (a) Illustration showing Shh expression in the neural tube and floorplate. The agarose block represents the thick
section described in this figure, (b) Confocal images at various depths of the section (15, 29, 38 and 47 p,m). The green outline refers to the coloured box
in a, and represents the two dimensions of these sections in relation to the 3 dimensions of the whole block. The blue and red arrows show the positions of
the virtual sections in (c-e). (c) Virtual sections cutting transversely through the neural tube. (d,e) Virtual sections cutting along the neural tube and
notochord, respectively. In all sections Shh mRNA is strongly localized to the cytoplasm. The cell nuclei can be seen as dark spots, fp, floorplate; nc,
notochord.

along the body of the embryo: the floorplate of the neural
tube extending into the brain, and the embryonic gut includ¬
ing the stomach. At this stage of development Shh is
expressed at low levels in the limb buds and weak staining
was detected in the ZPA of the left forelimb (not visible in
this figure). The visible streak of fluorescence in the right
forelimb (blue arrowheads) is presumably caused by Fast
Red crystals stuck to the surface ectoderm. Towards the
posterior end of the floorplate, there appears to be a

gap in expression (red arrowhead). This is due to one of
the sections being distorted (a potential drawback for any
technique that relies on multiple-section reconstruction).
The resulting 3D embryo can be viewed from any angle
(panel g); a movie of the embryo rotating can be seen at
genex.hgu.mrc.ac.uk

Fig. 3c shows an image of one of the original optical
sections (which has been patched together from 8 overlapping
images). The morphology of most tissues (neural tube,
somites, heart) can clearly be seen from the background fluor¬
escence, and give enough information to select anatomical
'landmarks' for the alignment process. Fig. 3d-f show
'virtual' sections equivalent to a frontal view of the embryo
(orthogonal to the original section in Fig. 3b), which demon¬
strate how well the thick sections align with each other. As
with all expression analyses, distinguishing between the back¬
ground and the ISH signal must be performed by selecting an
appropriate threshold value. In this case we have made the
threshold value (which differentiates between background
and signal) more explicit, by artificially colouring everything
above the threshold yellow (corresponding to the Shh signal).
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goat anti-rabbit [1:200 (Molecular Probes)]. Residual anti¬
bodies were removed by washing 5 times 1 h in TNT
containing 0.1 % BSA. The in situ signal was then developed
as described above.

3.3. Embedding, cutting and counterstaining

After fixing the embryos were embedded in 5% LMP
agarose in PBS. When the agarose was set the embryos
were cut into 70-100 p.m sections on a vibratome, and
each section was lifted from the vibratome waterbath onto

a slide. If counter-staining was performed, the sections were
incubated in a 5000-fold dilution of 1 mM Yo-Pro-1 (Mole¬
cular Probes, Y-3603). The section was then covered by a
thin coverslip, was which glued to the slide at either end - a

slight pressure being applied at each end, to ensure that the
section lies flat. In order protect the morphology of the
tissue the lifting and mounting should be performed very
carefully. The mounted sections were stored in PBS to
prevent them from drying out.

3.4. Confocal microscopy

We used an MRC-600 confocal with an Argon ion laser
(488/514 nm) and the standard Al, A2 filter set (514 nm
excitation filter, 540 nm green channel, >600 nm red chan¬
nel). Image intensity was controlled by turning the gain up
to maximum and keeping the pinhole to the minimal size
that still provides a bright image. All scanning was
performed at the slowest speed (3 s per frame). Low resolu¬
tion images (i.e. the whole-embryo Shh expression pattern)
were scanned using the 10X objective, while the cellular
resolution images were captured using the 25x objective.
As 3D scans progressed from the upper surface of the speci¬
men downwards into the tissue, adjustments were some¬
times needed to compensate for the weaker signal
captured at lower depths. This was performed either manu¬
ally, by gradually opening the pinhole during the scan, or
automatically using a computer setting in which scanning
continues to accumulate data from the same depth, each
time improving the image, until a given intensity is reached.

3.5. Computer manipulation

Reconstructing the data from the confocal into 3D images
was performed using either software from the Mouse Atlas
Project or scripts written for IPLab which can perform the
same functions. IPLab is a widely available image-proces¬
sing program (Scanalytics, Inc.), and the scripts can be
obtained from the authors at genex.hgu.mrc.ac.uk. The 3D
data was visualized using the software package VTK
(Visualization Toolkit, Kitware Inc.), however many other

commercial programs exist which can provide similar
visualization functions.
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1 ABSTRACT

The bagpipe-related homeobox-containing genes are members of the NK family, bagpipe (bap) was first
identified in Drosophila and there are three different bagpipe-related genes in vertebrates. Only two of these
are found in mammals, the Nkx3.1 and the Bapxl (Nkx3.2) gene. The targeted mutation in the mouse

Bapxl gene shows a vertebral phenotype in which the ventromedial elements are lacking; these are the
centra and the intervertebral discs. In addition, a region of gastric mesenchyme is abnormal. This
mesenchyme surrounds the posterior region of the presumptive stomach and duodenum, and in the mutant
fails to support normal development of the spleen. In Drosophila, bagpipe has a role in gut mesoderm and
the mutant embryos have no midgut musculature. Thus bap related genes in mouse and Drosophila have
roles in patterning gut mesoderm; however, neither of the mammalian genes has a discernible role in the gut
musculature. In contrast, both mammalian genes have roles in developmental processes that have appeared
recently in evolution. The Bapxl gene found in fish, amphibians, birds and mammals appears to have
derived vertebrate specific functions sometime after the split between the jawless fish and gnathostomes.

Key words: Bapxl; axial skeleton; Nkx3.1; development; evolution.

INTRODUCTION

The mammalian Bapxl gene (Tribioli & Luifkin,
1997; Tribioli et al. 1997) (also referred to as Nkx3.2)
contains a homeobox and belongs to the NK family of
developmental genes first identified in Drosophila
(Kim & Nirenberg, 1989). This gene family was

initially described as being comprised of 3 closely
related members: the NK2, 3 and 4 genes responsible
for the ventral nervous system defective (vnd), bagpipe
(bap) and the tinman (tin) phenotypes respectively
(reviewed in Harvey, 1996). The bap and tin genes are
now known to comprise a cluster of related homeobox
containing genes (referred to as the 93DE cluster)
which includes slouch (slou), ladybird (Ibe and Ibl) and
C15 (for review see Jagla et al. 2001). Bapxl is most
similar to the Drosophila bap (Nkx3) gene and along
with closely related vertebrate genes in chick
(Schneider et al. 1999), amphibian (both Xenopus
[Newman etal. 1997] and urodele [Nicolas et ai. 1999])
and fish (C. Kimmel, this volume), appear to form a
distinct subgroup within the NK family.

In Drosophila, bap is required for the specification
of the visceral mesoderm during midgut musculature
formation (Azpiazu & Frasch, 1993). Genetic lesions
within the Drosophila bap gene show a reduction or
deletion in the visceral musculature. The role of bap in
gut musculature and the expression of Bapxl in
splanchnic mesoderm surrounding the gut led to the
suggestion that the Drosophila and mouse genes may
have similar roles during gut development (Tribioli et
al. 1997). Analysis of Bapxl mutant mice does not
support a similar role and in contrast, suggests that
Bapxl has acquired novel functions during vertebrate
evolution.

RESULTS AND DISCUSSION

Nkx3 genes in vertebrates

To determine the number of Akxi-like genes in
mouse, we did a large genomic screen using the Bapxl
homeobox region as probe. In addition a conserved

Correspondence to Dr Robert Hill, MRC-Human Genetics Unit, Western General Hospital, Crewe Rd, Edinburgh EH4 2XU, UK.
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Fig. 1. Comparison of the amino acid sequences of the vertebrate Nkx3 genes shows 3 sequences subgroups. (A) Lineup of the homeodomains
of the vertebrate Nkx3 genes in comparison to the Drosophila bagpipe (Dm bap) homeobox (top line). Clustering of the sequences into three
subgroups is evident. The subgroups are Nkx3.2 (at the top), Nkx3.1 and Nkx3.3. The percentage identity with bap is shown to the right
hand side of each sequence. Dm, Drosophila melanogaster; Mm, Mus musculus; Hs, human; Gg, Gallus gallus; XI, Xenopus laevis; Pw,
Pleudeles waltl (a urodele amphian). (B) Regions of additional sequence similarity in the Nkx3 genes. The N-terminal box and C-terminal
box are located to their respective sides of the homeodomain. The identical amino acids among all three subgroups are denoted by shading
in black. Grey shading represents amino acids conserved within subgroups. The similarities with the N- and C-terminal boxes further support
the classification of the subgroups. Nkx3.1 genes do not show any appreciable similarity to Nkx3.1 and Nkx3.3 in the 5' half of the C-terminal
box.

region 3' of the homeobox (shown in Fig. 1C) was
also used. Only the Bapxl and Nkx3.1 genes were
isolated. Several non bap Mrx2-like genes were
selected using the homeobox region as probe due to
cross-similarities within these subgroups. In addition,
screening the Human Genome Database, the mouse

genome (HTGS), and EST databases (dbEST), only
Bapxl and Nkx3.1 genes were found. Thus the data
supports only 2 bagpipe-related genes in mouse and
man. This is further supported by a recent study by
Pollard & Holland (2000). They conclude that the
Nkxl, 3, and 4 genes occupy distinct locations within
a large primordial chromosomal cluster containing a
number of homeobox-containing genes, termed the
NKL cluster. In both mouse and human, 2 clusters are

predicted which contain Nkx3 related genes; the
clusters are a result of chromosomal duplications
events that occurred during vertebrate evolution. The
6a/?-related genes that reside in these syntenic linkage
groups are Bapxl and Nkx3.1.
Nkx3 related genes have been isolated from a

number of vertebrates, and we have grouped these by
overall sequence similarity (Fig. 1). Analysis of the
homeobox sequence, the most highly conserved
domain within the NK gene family, shows that the
Nkx3 genes cluster into three subgroups (Fig. IA).
The Nkx3.2 subgroup of genes displays marginally
higher sequence similarity to Drosophila bap. Outside
the homeodomain, the subgroups are divergent
suggesting derivation from ancient gene duplication
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events from a common ancestral gene. Even within
the subgroups there has been a high degree of
divergence. For example, discounting similarity in the
homeodomain, the 2 mammalian Nkx3.1 proteins
show 40% amino acid nonidentity. Multiple sequence

alignments (pileup in the GCG suite of programs)
reveal two other conserved domains in the remainder
of the proteins that distinguish the vertebrate Nkx3
genes. These are an N-terminal box, encompassing the
TN domain (Harvey, 1996) found in other NK genes,
and a longer C-terminal box encompassing part of the
NK2-SD domain. These are distinctly different from
other vertebrate NK genes and further distinguish the
subgroups of Nkx3 genes (Fig. 1 B).
Interestingly, homologues of Nkx3.3 have not been

reported in birds and were not found in mammals.
Xenopus laevis contains a number of novel genes due
to a tetraploidy event in the recent ancestry of that
species. Nkx3.3 did not arise from such an event, since
the gene appears in the urodele Pleurodeles waltl
(Nicolas et al. 1999). Thus Nkx3.3 either arose as a

unique amphibian member to the Nkx3 class or was
lost later in the evolutionary lineage to mammals. The
Nkx3.3 gene in Xenopus called zampogna fZax) (an
Italian bagpipe; Newman & Kreig, 1999) is expressed
in the muscle layer of the forming midgut and in the
pharyngeal endoderm. It is interesting to speculate
that the Nkx3.3 gene provides the primordial function
related to the role of Drosophila bap in specification
of gut musculature.

Expression o/ Bapxl in development

Bapxl expression in the mouse (Tribioli et al. 1997) is
detected initially at E8.5 in the splanchnic mesoderm
adjacent to the prospective gut endoderm and in the
sclerotomal portion of the somites. At El 0.5 Bapxl is
detected in limb mesenchyme and the first branchial
arch that becomes restricted to the precursor of
Meckel's cartilage. At the time that Pax 1 is first seen
in the sclerotome Bapxl expression turns on. By E9.5
Bapxl is evident in the sclerotome (Fig. 2 A), and (by
E10.5) Bapxl is expressed in migrating sclerotome
that moves toward and surrounds the notochord (Fig.
2 B).
Early lateral plate Bapxl expression has been

reported to show left-right asymmetry (Schneider et
al. 1999). In chick, expression is highest in the left
lateral plate mesoderm and is responsive to left-sided
signals such as Nodal, Fefty2 and Shh. In contrast,
mouse (E8.5) expression is higher in the right lateral
mesodermal plate. Organ asymmetry is reversed in the

inv/inv mutant mouse and Bapxl expression follows,
now found higher on the left side. However, by E9.5
this reported asymmetry of expression is lost (Fig. 2
A), as seen in the splanchnic mesoderm surrounding
the gut. At El 0.5, expression of Bapxl is seen broadly
in the region of the pancreatic mesenchyme, the
mesenchyme dorsal to the pancreatc bud associated
with spleen development (Fig. 2 B, dashed line in C).
It is not clear what role this early asymmetric
expression plays.

Role of Bapxl in axial skeletal development

To determine the function of the Bapxl gene, we

(Fettice et al. 1999) and others (Tribioli & Lufkin,
1999; Akazawa et al. 2000) targeted mutations into
that locus by homologous recombination into mouse
ES cells. The mutation is neonatal homozygous lethal,
and no mutant newborns survive past the first few
hours. The heterozygotes on the whole appear normal
except that ~ 50% display tail kinks. At E18.5 the
homozygous mutant fetuses appear shorter and
squatter (Fig. 3/1, B). Further observations, which
explain the outward stubby appearance, revealed that
the axial skeleton is defective, the ventromedial
aspects of each vertebra (the centra and the inter¬
vertebral discs) being absent (Fig. 3 C, D). The number
of sclerotomal cells surrounding the notochord are

markedly reduced, whereas those populating the
lateral aspects of the vertebrae appear normal. The
lateral prechondrogenic condensations appear normal
and the timing of appearance of the multiple ossi¬
fication centres in all aspects of the vertebra except the
ventromedial component is unaffected (Fig. 3 C, D).
Thus a deficiency of Bapxl results in specific loss of
the midline components of each vertebra.
We examined a number of DNA markers by in situ

hybridisation to define the developmental processes

disrupted by the Bapxl mutation (Table). Several
other mutations in mouse are known which affect the

developing intervertebral bodies of the vertebra. In
particular the Pax1 (Wilrn et al. 1998) (originally the
undulated [un] mutation) and the GU2 (Mo et al. 1997)
mutations show loss of the intervertebral bodies.

Analysis of expression of Paxl and Gli2 in
Bapxl — / — embryos (E 13.5) showed no appreciable
affect on the levels (Lettice et al. 1999; Tribioli &
Fufkin, 1999). Since the notochord is a source for Shh
production, we examined the expression of a number
of genes responsive to Shh signaling (Table). No
abnormal expression was found. Other expression
patterns, Mfhf Moxl, and scleraxis, representing
early sclerotomal developmental events were analysed.
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Fig. 2. Gene expression patterns in the developing mouse. (A-C) Expression ofBapxJ in E9.5 (.4) and E10.5 (B, C) wildtype mouse embryos.
In (A), Bapxl expression is detected in the sclerotome component of the somite (arrow) and splanchnic mesenchyme surrounding the gut.
In (B), the sclerotomal cells which are migrating toward the notochord (arrow) express Bapxl. Also the gastric mesenchyme expresses Bapxl
which is shown at a higher magnification in (C). The portion of the mesenchyme that will give rise to the spleen is outlined by a dotted line
and expresses Bapxl. (D-E) Transverse sections through El2.5 embryos expressing a 1 (II) collagen; wildtype, compared with Bapxl — / —
mutant embryos (F, G). Expression of al (II) collagen is shown in the lateral elements (arrowheads, D and F) of both wildtype and mutant
animals. Lack ofexpression specifically around the notochord (arrows, E and G) appears as a halo of cells. G, gut; S, somite; Sc, sclerotome,
Sp, spleen.

Mfhl is of particular interest, since its role is
associated with sclerotomal cell proliferation (Winnier
et al. 1997). No appreciable differences were seen for
the expression of any of these genes. Thus initial
patterning of sclerotome occurs normally in the
mutants and there appears to be no defect in cell
proliferation. Cell proliferation was analysed more

directly by BrdU labelling experiments in the Bapxl
mutants (Tribioli & Lufkin, 1999) and confirmed the
above data.

Analysis of differentiation markers, however,
showed a contrasting account. Alphal (II) collagen
(Fig. 3 D—G) is expressed during chondrogenesis in a
similar vertebral pattern. In the Bapxl mutants the
expression of alphal (II) collagen in the ventromedial
elements of each vertebra is missing, whereas ex¬

pression throughout the remainder of the developing
vertebrae are normal. Recently Tribioli & Lufkin
(1999) have shown that the migration of sclerotomal
cells toward the notochord is unaffected by the Bapxl
mutation, however there is a high degree of cell death
in the cells associated with the notochord. Therefore

Bapxl is required for directing a subset of sclerotomal
cells toward a chondroblastic pathway. In the absence
of the gene, the cells migrate but do not survive
resulting in the reduction in the cell number of
ventromedial cells.

Table. Analysis ofgene expression in Bapxl — /—

Genes with similar vertebral phenotypes
Paxl

Gli2
Genes in the Shh pathway
Gli2
Shh
Ptc

Early sclerotomal markers
Moxl

Mfhl
Scleraxis

BMP7

Cellular proliferation marker
Mfhl

Differentiation markers
Sox9

al (Il)-collagen

Evolution of Bapx 1 function

The whole of each vertebra undergoes the process of
chondrogenesis. The question, therefore, arises as to
why a gene essential to this process only affects a
subset of sclerotomal cells, i.e. those that will give rise
to each of the centra. First of all, it is apparent that
different parts of each vertebra require different
signals for their normal development. Both Paxl and
Bapxl participate in production of the intervertebral
bodies and are responsive to Shh in the notochord
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Fig. 3. The phenotypic characteristics of the Bapxl mutant fetuses.
Top panels compare the outward phenotype of wildtype (A) and
mutant (B) E18.5 embryos. Note that the mutant embryo is squatter
and does not show the rounded rump region of the wildtye, and the
tail is shorter and bent. The bottom panel shows a ventral view of
the vertebral column in E18.5 wildtype (C) and mutant (D) fetuses.
The white arrow in (C) indicates the ossification center that will give
rise to one of the centra in the wildtype animal. These are missing
in the mutant mouse (D).

(Fan & Tessier-Lavigne, 1994; Wallin et al. 1994). In
the absence of Shh (in the Shh mutant mouse),
sclerotomal cells appear and initially express Paxl at
a low level. However, Paxl expression never reaches
wildtype levels and is lost. Furthermore both Paxl
and Bapxl are induced by SHH in somite culture
experiments (Fan & Tessier-Lavigne, 1994, and
personal communication). Other genes affecting more
lateral aspects of each vertebra are not under the
influence of notochordal signals. For example, ex¬

pression of Uncx4.1 is not dependent on notochordal
signaling but rather requires the Notch/Delta
signaling pathway. Deletion of Uncx4.1, a paired-like
homeobox-containing gene, causes loss of lateral
elements such as pedicles, transverse processes and
proximal ribs (Leitges et al. 2000; Mansouri et al.

2000). We suggest that sclerotomal cells respond to
signals differently depending on their gene expression
profile and form vertebral elements adjacent to the
signalling source. These discriminating processes

specify the individual vertebral components which
make up an individual vertebra.

So how did this assemblage of genes and signalling
pathways required to form a vertebra come about?
The evolutionary history of the early vertebrates
suggests that vertebrae evolved in a progression of
steps. Individual elements of the vertebra arose at
different times in evolution (reviewed in Brand-Saberi
& Christ, 2000). In the agnathans such as lamprey and
primitive cartilaginous fishes such as the chimera (see
Fig. 4), the major support along the anterior posterior
axis is the notochord and the fibrous sheath in which

it is encased. However, in these primitive fishes there
are dorsal cartilaginous elements that protrude from
this fibrous sheath that surround the neural tube

(reviewed in Brand-Saberi & Christ, 2000). In the
selachians (sharks and rays) and the bony fishes the
notochord for the first time is surrounded by
cartilaginous (in sharks) or bony centra. The dorsal
elements presumably gave rise to the neural arches in
these fishes. Thus an evolutionary progression is
evident in the appearance of elements that compose
the vertebrae; the addition of the ventromedial located
centra occurred later at a distinct stage in vertebrate
evolution. We predict that genes such as Bapxl and
Paxl acquired sclerotomal functions sometime after
the split with the agnathans within the lineage of
gnathostomes coincident with the appearance of the
centra (Fig. 4). A chromosomal duplication event
(tetraploidisation) is predicted to have occurred
during this evolutionary period (Holland et al. 1994).
It seems likely that Bapxl function arose during this
period as a result of the duplication.
Do the genes acquire additional expression domains

in this acquisition of novel function? An indirect
argument focuses around the Pax9 gene. Pax9 is
closely related to Paxl and is expressed in sclerotomal
cells (and other embryonic regions) overlapping those
that express Paxl. In mouse, deletion of the Pax9
gene in combination with Paxl — /— shows severe
ventromedial defects in the vertebrae (Peters et al.
1999). Therefore Pax9 is a marker of sclerotomal cells
and operates in skeletal development acting in
conjunction with Paxl. In the agnathan Lampetra
japonica Pax9 is not expressed in the sclerotomal
compartment (Ogasawara et al. 2000); however, in
teleost Pax9 marks the sclerotome (Nornes et al.
1996). Pax9 and presumably Paxl and Bapxl are
recruited from other developmental compartments or
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Tetrapods

Nkx3.1 gland
function appears

Bapxl skeletal and
splenic function appears

\
Gene Duplication i

Multiple Bap-like
genes appear

Fig. 4. Predicted evolutionary history of the Bapxl and Nkx3.1 gene functions. The extant species representative of each class is shown at
the top of the diagram. The bottom timeline goes from the chordate amphioxus to the appearance of the tetrapods and predicts the points
at which gene duplications have been suggested to occur. We predict based on Bapxl and Nkx3.1 functions in mouse at what point Bapxl
and Nkx3.1 acquired their functions.

newly appear (as may be the case for Bapxl) to
participate in this novel developmental function.
The second developmental function for Bapxl is the

formation of the spleen. Bapxl is expressed in spleen
mesenchyme (Fig. 2 C), and in the absence of Bapxl
the spleen does not appear. This is an early de¬
velopmental effect; expression of the spleen specific
marker Hoxll (Tlxl) is not detected in the mutant
embryos (Lettice et al. 1999). The advent of the spleen
in vertebrate evolution is not clear. Hildebrand (1988)
suggests that cords of spleen tissue exist in lamprey;
however, these are associated with the gut submucosa.
In selachians, ray-finned fish and all tetrapods the
spleen develops external to the gut residing in
surrounding dorsal mesentery. We suggest that the
Bapxl spleen function has arisen as part of genetic
network required for reorganisation of the spleen to
the periphery of the gut. A crucial stage in spleen
evolution may be the repositioning to a location
independent of the gut in the gastric mesentery.

Evolution of other members of the Nkx3 group

Targeted deletions of Nkx3.1 in mouse have recently
demonstrated the functions of this NK family member
(Bhatia-Gaur et al. 1999; Schneider et al. 2000;
Tanaka et al. 2000). The mutant phenotype suggests
roles in the proliferation of glandular epithelium and
in the formation of ducts in the prostate gland and in
a minor set of salivary glands called the palatine. The
prostate is mammalian specific and salivary glands

arose in vertebrates as a requirement once tetrapods
became true land-based feeders. Hence, this gene has
apparently acquired vertebrate specific functions quite
late in vertebrate evolution.

Thus it appears that the bagpipe-related genes have
undergone a continual acquisition of functions
throughout vertebrate evolution. A source for genetic
diversity is the process of chromosomal tetra-
ploidisation that is predicted to have occurred twice in
vertebrate evolution (Holland et al. 1994) (Fig. 4).
These events play an important role in vertebrate
evolution particularly for the appearance of vertebrate
specific organ systems. Both Bapxl and Nkx3.1 genes
were probably generated during these early dupli¬
cation events (Pollard & Holland, 2000). Bapxl may
have acquired roles in both spleen and vertebral
development at the time of one of these duplication
events. Nkx3.1, on the other hand, was co-opted later
for roles in glandular epithelial development.
Remnants of four NKL clusters (discussed above)

are present in the mouse and human genomes;
however, only two Nkx3-like genes remain suggesting
that two were lost. We speculate that the Nkx3.3 gene
identified in amphibian was one of the genes lost in the
lineage to mammals.
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