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Discussion

New ring culture method supports stable LR identity in cultured
presomite rabbit embryos

In the first part of this study, a new culture technique, the so-called ring culture, was
developed in which a medium-filled plastic ring is placed upon the extraembryonic
tissue of the explanted embryo (Fig. 2). In contrast to the semi-dry standard culture
method, this setting corresponds more to the in vivo conditions of 7.5 to 8.0 day old
gastrulating/neurulating rabbit embryos in the uterus. Here, embryos lie ectoderm
down on the uterus mucosa exposing their ventral surface to the fluid-filled space of
the bulging implantation site. During these stages of development the ventral surface
of the embryo exposed to the uterine fluid not only consists of endoderm but also of
the developing axial mesoderm emerging from under its initial endodermal cover. As
axial mesoderm comprises the posterior notochord (PNC), a structure considered
being the laterality coordinator, the correct development of which is crucial for the
stable culturing of presomite embryos (discussed below; Blum et al., 2007; Blum et
al., under review). These improved settings of the ring culture, however, facilitated
normal development of LR asymmetry in most cases as revealed by left-sided
expression of marker genes from stage 5 onwards (Fig. 3, 4). These findings add yet
another point to the growing list of advantages of the rabbit as a mammalian model
organism. Besides the relatively large size of gastrulating/neurulating embryos, the
development via the archetypical flat blastodisc and the only superficial implantation
into the uterus mucosa, the option to stably culture presomite embryos also opens
further experimental possibilities. Mouse embryos for example are difficult to culture
in vitro and sometimes develop disturbed laterality when cultured from presomite

stages onwards (Tsang et al.,, 1999). As cilia-driven leftward flow is already
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established during early somite stages and the Nodal signalling cascade is active
from the 3 somite stage onwards, the time window for experimental manipulation is
very narrow. Culturing from presomite stages onwards therefore expands this time
window considerably. The procedure to first culture, then record cilia-driven fluid flow
and evaluate gene expression afterwards is also complicated in mouse embryos. The
cup-shaped egg cylinder is not as easy accessible and does often not remain intact
after filming. To further expand experimental options it might be useful to try to adapt
techniques like sono- or electroporation to whole rabbit embryos to combine genetic

manipulation with the existing improved culture method.

Cilia-driven leftward flow is disturbed in standard-cultured presomite embryos

The new ring culture described in this study represents an improved version of the
semi-dry standard culture system (Fig. 2). Embryos cultured with the standard culture
method mostly show altered LR marker gene expression after culture when
explanted before the 2 somite stage. Subsequent analysis presented here could
show that this was due to impaired development of the posterior notochord (PNC;
Fig. 5). The PNC represents the caudal widening of the posterior notochordal plate of
the rabbit blastodisc, homologous to the distal indentation of the mouse egg cylinder
commonly referred to as “node” (Blum et al., 2007). In other vertebrate species
equivalent structures have been identified as well: the gastrocoel roof plate in
amphibians (GRP; Essner et al., 2002; Shook et al., 2004; Blum et al., 2006; Blum et
al., under review) and Kupffer’s vesicle (KV) in teleost fish embryos (Essner et al.,
2002; Essner et al., 2005; Kramer-Zucker et al., 2005; Okada et al., 2005; Hirokawa
et al., 2006). This evolutionary conserved entity is characterised by the framing
paranotochordal expression domain of Nodal, its epithelial organisation and the
possession of motile monocilia. Laterality is conveyed from the PNC by the
establishment of a laminar leftward fluid flow produced by conically rotationg

monocilia. The PNC is regarded as a laterality coordinator (Blum et al., under review)
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and its cellular morphology is critically related to the emergence of leftward flow and

subsequent setup of LR marker gene expression.

A prerequisite for the creation of a leftward flow by cilia rotating conicallly is the
localisation of the individual cilium to the posterior pole of each cell (Cartwright et al.,
2004). In the rabbit, mouse and Xenopus it was shown that cilia are first positioned
medially on the cell surface and only become progressively localised to the posterior
margin of the cells concomitant with development of the PNC/GRP and the evolution
of a laminar flow (Okada et al., 2005; Feistel and Blum, 2006; Schweickert et al.,
2007). Due to the medial position and shortness of cilia in rabbit presomite stages a
flow is never achieved in these stages (A. Rietema, personal communication; Feistel
and Blum, 2006). First fluid movements manifest with the beginning of somitogenesis
as local vortices and a slow, turbulent flow can be observed at the 1-2 somite stage.
A laminar fluid flow then forms during the 2-3 somite stage concomitant with
progressive lengthening and polarisation of cilia (supl. Fig 1; A. Rietema, personal
communication; Feistel and Blum, 2006). The successive polarisation of PNC cilia
most probably only starts when notochordal cells emerge from under the endoderm.

SEM analysis of embryos taken into culture at presomite stages and cultured with the
standard method presented here demonstrated that PNC development was impaired
in these embryos (Fig. 5). Instead of 74% of cilia in the wild type and 68% in the ring-
cultured embryo only 40% of cilia in the standard-cultured embryo were localised to
the posterior of cells. Additionally, the number of cells bearing no cilium was
increased in these embryos. This might indicate that standard-cultured presomite
embryos mostly do not establish a mature notochord and PNC although the embryo
develops relatively normal to somite stages. Caused by the lack and mis-localisation
of cilia in standard-cultured embryos, cilia-driven leftward flow across the PNC was
disturbed (Fig. 6). Instead of showing direction toward the left side standard-cultured
embryos either showed no flow or it pointed toward the posterior of the embryo (Fig.
5). In cases where almost no flow could be recorded the notochord had not surfaced
properly from its initial endoderm/hypoblast cover, whereas flow, showing direction

toward the posterior might be due to the mis-localisation of PNC cilia. Although the
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flow of these embryos displayed some direction toward the posterior the calculated
value for directionality or quality of particle movement (rho) always was very low. Rho
can assume the value 1 if all particle trails analyzed represent exactly straight lines
aiming in the same direction and O if trails show completely random direction. This
value was calculated for the particle trails of each film by the program coded by
Thomas Weber in statistical-R (described in the Methods section). The particle trails
analyzed in films of standard-cultured embryos never reached a rho value of 0.4
whereas the flow of wild type embryos covered a range of 0.51 to 0.69. In ring-
cultured embryos however, an even wider range of rho values was detected reaching
from 0.35 to 0.75. As two of the three embryos with a rho value of below 0.4
displayed altered marker gene expression a rho of 0.4 seems to represent a
threshold for the correct bias of laterality (Supplementary Fig. 1). Therefore, with a
rho value above 0.4 the flow should be robust enough to ensure left-sided marker
gene expression presuming that it shows direction toward the left side and, most
importantly, no downstream event is perturbed. Flow with rho values between 0.3
and 0.4 instead seems not to be sufficient for left-sided marker gene expression.
Hence, expression is randomised in these embryos.

Defective leftward flow due to mis-localised cilia has also been shown for /nv mutant
mice (Okada et al., 1999; Okada et al., 2005). In these mice nearly 20% of cilia are
tilted anteriorwards resulting in a slow and turbulent flow. Although more variable, the
phenotype of standard-cultured rabbit embryos seems to be more severe yielding, if
at all, flow that points toward the posterior whereas in Inv’ embryos still direction
toward the left side is achieved. Also the resulting LR defects are quite distinct as /Inv
mutants display completely inversed laterality whereas standard-cultured presomite
rabbit embryos mostly show bilateral expression of marker genes. Nevertheless, the
rho value of the flow observed in /nv mutants should be considerably lower than in

wild type littermates as well.
The correct arrangement of cilia on the cell surface is therefore critical for the setup

of flow and molecular laterality. Such coordinated polarisation of cilia within the plane

of an epithelium can be achieved by the planar cell polarity pathway (PCP). In the
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neural plate and inner ear, for example, components of the noncanonical Wnt/PCP
pathway control planar polarity (Ybot-Gonzalez et al., 2007a; Simons and Mlodzik,
2008). Recent work in Xenopus has also shown that PCP-effector genes are linked
to ciliogenesis (Park et al., 2006; Park et al., 2008) and that Inv might function as a
switch between canonical and noncanonical Wnt signalling (Simons et al., 2005).
However, mouse mutants of core PCP components do not show obvious LR defects
(Lee and Anderson, 2008). Although it could be possible that this has escaped notice
so far or otherwise might be due to the high redundancy between PCP components
that would require the generation of double or triple knockouts. Still, it might be
informative to examine the localisation of PCP components in the rabbit notochord,

especially of standard-cultured presomite embryos.

In vivo, the 7.5-8.0 day old gastrulating/neurulating rabbit embryo is fixed at the
margin of its uterus implantation site. Thereby the extraembryonic tissue provides a
certain amount of tension to the developing embryo. This tension is lost in the setup
of the standard culture whereas in ring-cultured embryos tension is provided by the
ring as it is placed around the embryo onto its extraembryonic tissue. The amount of
tension applied to the embryo has been described to be crucial to the development of
chick embryos in culture as well (Chapman et al., 2001). It is therefore tempting to
speculate that the right amount of tension is needed to support appropriate
maturation of the notochord and PNC.

The artificially applied tension to the embryo might also explain the reoccurring of
altered laterality in embryos taken into culture at the 1 and 2 somite stage in contrast
to the completely stable stage 6 (Fig. 4). At the 1 and 2 somite stage cilia-driven
leftward flow has already started or is fully developed respectively. Any falsely
applied tension might therefore perturb the flow, which then could not be corrected in

time.
The most peculiar finding of the present study was that cilia grew longer in ring-

cultured embryos (Fig. 5). Measurements of cilia length in scanning electron

micrographs (SEM) as well as in pictures of immunohistochemistry (IHC) against
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acetylated tubulin showed that cilia of untreated ring-cultured embryos were about
1um longer than in corresponding stages of wild type or standard-cultured embryos.
Generally, the high standard deviation of these measurements is presumably not
corresponding entirely to the in vivo conditions because in two-dimensional
depictions the depth cannot be included in the measurement. Despite this slight
inaccuracy of the measurement, the average length of cilia in ring-cultured embryos
still was considerably higher than in wild type or standard-cultured embryos. One
possible explanation might lie in the viscosity of the medium. The uterine fluid
surrounding the embryo in vivo has a slightly higher viscosity than the culture
medium used for in vitro culture. Therefore, cilia length in vivo might be controlled by
a feedback mechanism regulated by the friction the growing cilium encounters during
movement through the slightly viscous fluid (Mitchell et al., 2007). A setting in which
the medium displays a lower viscosity would then impair this feedback mechanism
and lead to excessive growth of cilia. As Rfx3 is a transcription factor controlling
ciliogenesis (Bonnafe et al., 2004) its expression might be up-regulated in ring-
cultured rabbit embryos compared to corresponding wild type stages. Another
experiment to test this hypothesis would be to measure cilia in embryos cultured in
the presence of methylcellulose, which renders the medium highly viscous.

That cilia in standard-cultured embryos did not show the same increase in length
might be due to the comparatively small amount of medium above the embryo’s

ventral side during the course of culture in the standard culture setting.

Cilia-driven leftward flow is required for the establishment of laterality in rabbit
embryos

That cilia-driven leftward flow per se is also required for the establishment of laterality
in rabbit embryos could be shown by blocking it with methylcellulose-containing
medium (Fig. 7). The added methylcellulose renders the culture medium far more
viscous, thus preventing the formation of a laminar flow. This led to disturbed marker
gene expression in a very high percentage of treated embryos. Mainly, expression of

Nodal or Pitx2 was bilateral or completely absent whereas expression exclusively on
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the left or right side was encountered only rarely. Mice and zebrafish embryos
deficient of Lrd (left-right dynein), which is indispensable for cilia motility, harbour
immotile cilia at their PNC/KV and thus are not able to produce a leftward fluid flow.
In these embryos the absence of leftward flow leads to randomised marker gene
expression (Supp et al., 1997; Essner et al., 2005). In Xenopus however, blocking of
cilia-driven flow by injection of methylcellulose resulted mostly in lack of marker gene
expression (Schweickert et al., 2007). This might be explained by the force used for
the injection, leaving no room for the diffusion of potential laterality determinants,
whereas in rabbit, although the culture medium is removed before the addition of
methylcellulose surely a thin film of medium still remains underneath the
methylcellulose. This also might be owed to the different topology of the rabbit PNC,
being convex with lateral furrows while the Xenopus GRP is relatively flat. In
summary, the comparison of “no-flow situations” between rabbit, mouse, zebrafish
and Xenopus indicate that different experimental designs might lead to different
outcomes. Nevertheless in all cases the correct establishment of leftward flow is
crucial for the development of laterality.

In rabbit methylcellulose treatment did not yield laterality defects in embryos treated
from the 3 somite stage onwards (data not shown). This is also consistent with
findings in zebrafish and Xenopus. The ablation of KV had no effect on heart situs
and marker gene expression from the 10 somite stage onwards and the injection of
methylcellulose became ineffective at stage 19/20, respectively (Essner et al., 2005;
Schweickert et al., 2007). In all three species this represents the time point at which
the Nodal signalling cascade with its strong positive feedback loop is already initiated
(Rebagliati et al., 1998; Fischer et al., 2002; Ohi and Wright, 2006).
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Different effects of unilateral Sonic hedgehog (Shh) gain-of-function
in chick and rabbit

Examining Shh signalling in the rabbit embryo was of interest for two reasons: First, it
was published that Shh could be transported toward the left side via cilia-driven
leftward flow in the mouse (discussed below; Tanaka et al., 2005) and second, it was
shown in a groundbreaking paper by Levin et al. (1995) that Shh-expressing cells
ectopically placed on the right side of Hensen’s node of stage 4 chick embryos
induce Nodal expression on the right side. One aim of this work therefore was to test
whether ectopic placement of Shh could influence laterality in rabbit embryos. The
rabbit serves as a good model here since it is comparable to both chick as well as
human development as it develops via a flat blastodisc. Surprisingly, right-sided
induction of marker gene expression upon implantation of Shh protein-loaded beads
was only observed in rabbit embryos explanted at the 2 somite stage (Fig. 12). In
order to rule out the possibility that the observed differences were due to the
experimental design (implantation of Shh-expressing cells vs. protein-loaded bead)
the experiment was repeated with chick embryos and Shh protein-loaded beads.
With the same protein and concentration a strong induction of Nodal expression was
detected when beads were implanted on the right side of Hensen’s node at stage 4
chick embryos (Fig. 13). Furthermore, it could be shown for the first time that this
inductive effect persists until up to the 1-2 somite stage and that it applies for Pitx2 as
well (not shown). This clearly indicated that the experimental design was not

responsible for the different outcome of the two experiments.

The difference between Shh signalling in rabbit and chick thus seems to be the
integration of cilia-driven fluid flow. Cilia-driven flow has not been described in chick
embryos up to now. The absence of flow in chick embryos might be explained by
their lack of superficial mesoderm (Shook et al., 2004). The notochord of chick
embryos develops as a rod-like structure, always being covered by endoderm (i.e.
not superficial), whereas in rabbit embryos the notochordal plate surfaces from under

its initial endodermal cover (Feistel and Blum, 2006; Blum et al., 2007). Therefore, a
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superficial epithelially organised, cilia-bearing notochord free of endoderm is not
formed in chick embryos (Manner, 2001). Surprisingly, this is also the case in pig
embryos (Feistel, 2006). The apparent lack of superficial mesoderm of course does
not rule out the possibility that a specialised structure exists elsewhere, but as in all
other species examined to date the structure producing the flow is framed by the
paranotochordal domain of Nodal (Blum et al., 2007), this seems unlikely. Instead,
Hensen’s node of chick and also pig embryos becomes morphologically asymmetric
during late stage 4 when the primitive streak has reached its full length (Cooke, 1995;
Feistel, 2006). The molecular mechanisms of the morphogenetic process responsible
for node asymmetry have not been elucidated up to now. However, this
morphological asymmetry precedes the asymmetric expression of Shh and other
genes within Hensen’s node (Dathe et al., 2002). The left-sided expression of Shh in
turn leads to the induction of the paranotochordal domain of Nodal expression
exclusively on the left side and subsequently to the initiation of Nodal in the left
lateral plate (Levin et al., 1995). The molecular asymmetries present at the midline
thus are sufficient to reliably induce the Nodal signalling cascade and the cilia-driven
flow-module can be omitted. In agreement with this notion, all model organisms
displaying a bilateral paranotochordal Nodal domain (mouse, rabbit, Xenopus,
zebrafish and medaka) feature superficial mesoderm and cilia-driven fluid flow
framed by Nodal expression (Nonaka et al., 1998; Fischer et al., 2002, Okada et al.,
2005; Schweickert et al., 2007; Essner et al., 2005; Long et al., 2003). The loss of
cilia-driven flow in chick and pig might represent a secondary event once Hensen'’s
node became asymmetric during the course of chick and pig evolution.

The inductive relationship between Shh and Nodal therefore seems to be more direct
in chick than in rabbit embryos, where Shh signalling works in conjunction with cilia-

driven flow.

One possible downstream event of asymmetrically distributed Shh could be the side-
specific down-regulation of Coco, a member of the Cerberus/Dan-family of secreted
TGFp-antagonists. In Xenopus, Coco has been described to be essential specifically

on the right side of the embryo, assigning a repressive function on the Nodal
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signalling cascade to Coco (Vonica and Brivanlou, 2007). It is co-expressed in the
paranotochordal domain of Nodal and only very recently it could be shown that this
domain becomes asymmetric concomitant with leftward flow (Eberhardt, 2008).
Interestingly, stronger expression on the right side could be observed in a
significantly smaller proportion of embryos if flow was blocked by injection of
methylcellulose or cilia were rendered immotile by injection of Ird-antisense-
morpholino (Eberhardt, 2008). These data therefore strongly suggest that Coco is
down-regulated on the left side concomitant with the flow or rather by a signalling
molecule like Shh transported by the flow. Coco orthologues have already been
described in mouse (Cerl-2; Marques et al., 2004) and zebrafish (Charon; Hashimoto
et al., 2004) to be expressed in the paranotochordal domain and to have a repressive
function on Nodal signalling as well. It is therefore tempting to speculate that a rabbit
orthologue exists, too. If this is the case the aforementioned hypothesis could be
tested in rabbit embryos first by verifying if the expression pattern becomes
asymmetric concomitant with leftward flow, i.e. in the 2-3 somite stage. Secondly,
embryos could be cultured in the presence of methylcellulose to analyse if the bias of
the expression is causally dependant on flow. Finally, using Shh-loaded beads
implanted onto the right side of the PNC, it could be tested if Coco expression is

influenced by Shh signalling.

The 2 somite stage in rabbit is important

Earlier work in rabbit showed that the 2 somite stage is especially important with
respect to the establishment of the LR axis (Feistel and Blum, 2008). The 2 somite
stage is so decisive because it is the stage in which laminar leftward fluid flow is first
established which, in turn, is needed to attenuate gap-junctional communication
unilaterally in order to allow for release of FGF8-mediated repression and therefore
initiation of Nodal signalling. In the mouse it has been shown that membranous
vesicles called Nodal vesicular parcels (NVPs) released by PNC cells are transported

toward the left side by the flow (Tanaka et al., 2005). These NVPs are released upon
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an FGF signal, contain Shh and retinoic acid (RA) and are supposed to be
fragmented at the left side of the PNC to trigger an increase in Ca®" levels.
Presuming that NVPs exist in rabbit as well, this process might provide an
explanation for ectopic Nodal induction by Shh only in the 2 somite stage. Because
only at the 2 somite stage the fluid flow becomes robust and laminar enough to
transport NVPs to the left side, thereby defining the time window of their potential
effect. Likewise ectopically placed Shh protein would only be effective at the 2 somite
stage in conjunction with the flow.

In the mouse, membrane-sheathed NVPs are described to have a diameter of 0.3-
5um and are easily recognisable in scanning EM pictures because of their high
abundance (Tanaka et al., 2005). In rabbit however, SEM pictures of the PNC do not
show such vesicular structures in the same amount and size (Fig. 5A; Feistel and
Blum, 2006). Still, smaller particles in a much lower abundance do appear on the
PNC and it would be pivotal to characterise these in greater detail. For example, this
could be done by immunogold labelling of Shh protein recognised by the specific
anti-Shh antibody 5E1 and subsequent analysis by transmission electron microscopy
(TEM) as done in the study published by Tanaka and colleagues (2005). This would
reveal if Shh is associated with membranous particles on the PNC in the rabbit as
well. As vesicular particles are also seen in Xenopus (Schweickert et al., 2007), it

would be informative to examine if Shh is linked to these, too.

One unsettled issue with the NVP model clearly is the as yet missing of an obvious
asymmetric readout of Shh signalling, which should be present if Shh is transported
toward the left side via the flow. As the expression of the Hh-receptor Patched (Ptc)
is up-regulated in response to signalling its expression level is widely used as a
readout for Shh signalling. In chick embryos, as a consequence of the asymmetric
expression of Shh, an asymmetric Ptc expression can be detected (Pagan-Westphal
and Tabin, 1998). In contrast, no asymmetries in Ptc expression have been reported
in mouse (Zhang et al., 2001) or in rabbit (Fischer, 2002; Fig. 14). But maybe existing
asymmetries could be detected in these species on protein level with a specific

antibody against Ptc.
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The involvement of cilia in Hh signalling

Besides the Shh-loaded NVPs transported by cilia-driven flow, it has been shown
that cilia themselves are involved in Shh signalling in the mouse (Huangfu and
Anderson, 2006). This became evident by the puzzling notion that mutations in genes
of the intraflagellar transport (IFT) machinery as well as other ciliary motor proteins
cause phenotypes like limb patterning defects or loss of ventral cell types in the
neural tube, suggestive of defective Hh signalling (Huangfu et al., 2003; Huangfu and
Anderson, 2005; Liu et al., 2005; Houde et al., 2006). Subsequently, it could be
shown that Smo localises to cilia upon a Shh signal (Corbit et al., 2005) and that
several other components of Hh signalling like the Gli transcription factors, Ptc and
Sufu also localise to cilia (Haycraft et al., 2005; Rohatgi et al., 2007). Interestingly, it
could recently be shown that these components of the Hh signalling machinery can
also be detected on primary cilia on undifferentiated human embryonic stem cells
(Kiprilov et al., 2008). As Shh seems to be transported in NVPs via cilia-driven flow it
might therefore make sense that Hh signalling components become enriched on cilia.
It would thus be very interesting to know if those components localise to cilia in rabbit
embryos as well. This could be done by the use of specific antibodies against these
proteins in whole mount immunohistochemistry. Chick embryos might not possess
cilia-driven leftward flow but, of course, are not devoid of cilia (Manner, 2001). It
would thus be very interesting as well to examine if Hh signalling components are

coupled to cilia in chick embryos.

Inhibition of Shh signalling leads to loss of midline barrier

The inhibition of Shh signalling by incubation with cyclopamine caused bilateral
expression of LR marker genes in rabbit embryos (Fig. 15). As Shh plays an
inductive role in rabbit as well, this was an unexpected finding at first glance.
Cyclopamine, a teratogenic plant alkaloid, was shown to bind directly to Smoothened

(Smo), the major Hh signal transducer (Chen et al., 2002) and mice deficient for
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Smoothened, which represents a complete loss of Hh signalling, show no marker
gene expression in the lateral plate (Zhang et al., 2001). But as the cyclopamine
treatment of rabbit embryos in culture did not yield a complete abolishment of Shh
signalling, revealed by the residual expression of its target gene Patched (Pftc; Fig.
14), the results seem more comparable to Shh mutant mice. The phenotype of those
mice is less severe than that of Smo” mice and they display bilateral expression of
LR marker genes (Tsukui et al., 1999). The differing phenotype is due to the
redundant function of Indian hedgehog (/hh), which is co-expressed in the node and
PNC and is still active in Shh mutants. This was confirmed by the similar phenotypes
of Shh/lhh compound mutants and Smo knockout mice (Zhang et al., 2001). As /hh is
expressed in the node and PNC of rabbit embryos as well (Fig. 8) the combined
residual signalling activity of Shh and Ihh seems to be responsible for the observed
phenotype of cyclopamine-treated embryos.

Subsequent analysis of this phenotype could also show that the bilateral expression
of marker genes was due to a loss of Lefty expressing floor plate cells (Fig. 16). In
the mouse it has been described that the loss of the Nodal feedback inhibitor Lefty1,
normally expressed in the left side of the floor plate, leads to bilateral expression of
Nodal. Hence, it was concluded that Lefty?7 most probably exerts a midline barrier
function preventing the spreading of signals from the left side toward the right side
(Meno et al., 1998, Yamamoto et al., 2003). Additionally, it could be shown that Shh
signals from the notochord are required for the induction of the floor plate (Roelink et
al., 1994) and that consequently, Shh mutant mice are not able to specify a floor
plate, which leads to a secondary loss of restrictive Lefty expression (Chiang et al.,
1996; Tsukui et al., 1999; Meyers and Martin, 1999). Thus, the loss of floor plate cells
and Lefty expression in cyclopamine treated rabbit embryos completely resembles

the loss of Shh in the mouse.

In Smo knockout mice it was shown that Hh signalling regulates the paranotochordal
expression of the TGF growth factor Gdf1 (Zhang et al., 2001). In the absence of Hh
signalling in Smo™ mice the paranotochordal domain of Gdf1 is down-regulated

compared to wild type littermates. In rabbit embryos this particular expression

69



Discussion

domain could not be detected by whole mount in situ hybridisation (Fig. 11). This was
surprising because all other genes associated with Hh signalling analyzed in rabbit
embryos in this study resembled relatively closely the described expression patterns
in mouse (/hh, Smo, Hip; Figs. 8-10). But as the authors of the mouse studies used a
probe consisting of the complete coding sequence of the mouse Gdf71 gene (Rankin
et al., 2000; Zhang et al., 2001), the 660bp fragment used in the present work might
not be able to visualise the paranotochordal expression domain of Gdf7 in the rabbit.
Therefore, it should be attempted to clone the complete coding sequence in rabbit as

well as this might allow for better visualisation of the Gdf7 expression pattern.

Dual function of FGF8 signalling in the rabbit

In the present work it was shown that in early stages FGF8 signalling is required to
render the lateral plate competent for the Nodal signalling cascade. Another
important result was that FGF8 signalling is not involved in ciliogenesis or the set-up
of cilia-driven leftward flow in rabbit embryos. Finally, it was shown that FGF8 is
epistatic to leftward flow and is involved in the transfer of LR cues during the 2 somite

stage.

FGF8 signalling renders the lateral plate competent for Nodal signalling

Systemic inhibition of FGF8 signalling by incubation with SU5402 led to a loss of
asymmetric marker gene expression in embryos explanted prior to the 2 somite stage
(Fig. 17). SU5402 is a compound disrupting FGF8 signalling by specifically interfering
with the catalytic centre of the FGF receptor 1 (FGFR1; Mohammadi et al., 1997).
That FGFR1 is the major transducer of FGF8 signalling among the four existing FGF

receptors was inferred from the phenotypic resemblance of FGF8 and FGFR1
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mutants in mouse, zebrafish and medaka and SU5402 has since been widely used
as a specific inhibitor of FGF8 signalling (Yamaguchi et al., 1994; Sun et al., 1999;
Yokoi et al., 2006).

The lack of marker gene expression in SU5402-treated embryos was a surprising
finding because it has been shown in previous studies that a SU5402-loaded bead
implanted on the right side of the PNC could induce ectopic marker gene expression
(Fischer et al., 2002; Feistel and Blum, 2008). Therefore, the expected outcome of
systemic inhibition of FGF8 signalling was rather bilateral expression than loss. One
possible explanation for this could be a dual, temporally separated function of FGF8
signalling. The implantation of an SU5402-loaded bead only induced ectopic
expression in the 1-2 somite stage (Fischer et al., 2002), whereas the systemic
incubation led to loss of marker gene expression only prior to the 2 somite stage (Fig.
17). During the 2 somite stage systemic SU5402 treatment caused bilateral
expression as well and loss of expression was never observed. This might indicate
that during the 2 somite stage systemic inhibition mimics the effect of right-sided
bead implantation but another function of FGF8 signalling is compromised by earlier
inhibition leading to a loss of asymmetric expression. The competence to express the
Nodal signalling cascade in the lateral plate is thought to be mediated by the
paranotochordal domain of Nodal (Brennan et al., 2002; Saijoh et al., 2003).
Interestingly, in Xenopus embryos systemic inhibition of FGF8 signalling by SU5402
caused loss of marker gene expression as well (Schneider, 2008). Subsequent
analysis showed that the paranotochordal Nodal domain was missing or greatly
reduced in these embryos. Moreover, in hypomorphic FGF8"°" compound mouse
mutants, the paranotochordal domain only appears as scattered cells and the lateral
plate expression is also not initiated (Meyers and Martin, 1999). Taken together, this
might indicate that FGF8 is responsible for the set-up of the paranotochordal Nodal
domain subsequently conferring competence to the lateral plate. Interestingly,
preliminary data from Xenopus suggest that the gain-of-function of FGF8 signalling
conversely causes an up-regulation of the paranotochordal Nodal domain, further
highlighting the implication of FGF8 signalling in the set-up of this domain (T. Beyer,

personal communication).
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Although the paranotochordal Nodal domain of SU5402-treated rabbit embryos
seemed reduced in some specimens, a clear correlation compared with the DMSO-
treated controls could not be established, also because this domain shows some
variability after in vitro culture even in untreated control embryos. It might therefore
be more informative to analyse expression levels by RT-PCR of isolated
paranotochordal tissue. This would also eliminate possible variations caused by the
in situ hybridisation method, as for example the length of Proteinase K treatment

causes differences in signal intensity afterwards.

FGF8 signalling is not involved in ciliogenesis in the rabbit

Systemic inhibition of FGF8 signalling by SU5402-supplemented culture medium did
not influence the development of the ciliated epithelium of the PNC or the dynamics
of leftward flow produced by PNC cilia compared to DMSO- or untreated control
embryos (Fig. 18). Additionally, the length of PNC cilia did not seem to be affected by
this treatment (Fig. 18). SU5402 is a compound specifically interfering with FGF-
receptor 1 signalling and thus FGF8 signalling (discussed above; Mohammadi et al.,
1997).

In zebrafish it was recently suggested that incubation with SU5402 as well as
injection of an antisense-morpholino against FGF-receptor 1 (FGFR1) leads to the
abrogation of cilia-driven fluid flow in Kupffer’s vesicle (KV; Neugebauer et al., 2008).
Detailed analysis indicated that this was due to significantly shorter KV cilia. As a
consequence of the loss of cilia-driven flow, the expression of the zebrafish Nodal
homolog Southpaw became bilateral. It was thus concluded that FGF8 signalling
regulated ciliogenesis in zebrafish. The results of the present study however, do not
support a function of FGF8 in ciliogenesis in the rabbit. Although PNC cilia of
different treatment groups did not show the exact same length, the parameters of the
flow were not grossly altered between SU5402-incubated embryos that showed no or
bilateral expression, DMSO-treated control embryos or those treated with SU5402

but exhibiting left-sided expression afterwards (Fig. 18). Most importantly, cilia of
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embryos with altered marker gene expression after SU5402 treatment were not
shorter than those of untreated control embryos. The observed difference in cilia
length may therefore be in the normal range of ring-cultured embryos or might also
be explained by the small number of embryos in which cilia were measured. To
substantiate these results the experiment should be repeated to measure the length

of cilia in more treated embryos.

The complete loss of FGF8 in mouse FGF8 mutants leads to massive gastrulation
defects (Sun et al., 1999). Cells of the epiblast enter the primitive streak but are not
able to migrate any further causing massive bulging of the primitive streak.
Consequently, almost no mesoderm is formed including axial mesodermal structures
like the PNC. This severe phenotype seems to be caused by the loss of both FGF8
and also FGF4, which is normally co-expressed in the primitive streak but is lost in
FGF8 mutant mice (Sun et al., 1999). Although the loss of FGFR1 causes a less
severe phenotype in mice, mesoderm differentiation is still aberrant. Axial
mesodermal structures seem to form but are massively disorganised (Deng et al.,
1994; Yamaguchi et al., 1994; Ciruna and Rossant, 2001) and whether cilia form on
those cells is not clear. What seems to be clear instead is that signalling via FGFR1
in the mouse is responsible for the general specification of mesodermal structures
and not for the more specialised process of ciliogenesis in mesodermal cells. That
the phenotype of FGFR1 antisense-morpholino-injected zebrafish embryos is much
less severe as the complete knockout of FGFR1 in mouse could also indicate dosage
dependency. A mouse mutant in which FGF8 signalling is only partially lost is the
hypomorphic FGF8™°" compound mutant (Meyers and Martin, 1999). Those mutants
are able to proceed relatively normal through gastrulation and form axial mesodermal
structures but whether those mutants display ciliogenesis defects has not been
examined as yet. Other mouse mutants that lack PNC cilia or harbour
immotile/shorter ones and therefore lack leftward flow always show randomised or
bilateral marker gene expression (Nonaka et al., 1998; Okada et al., 1999; Bonnafe
et al., 2004). As hypomorphic FGF8 mutants instead lack asymmetric marker gene

expression completely (Meyers and Martin, 1999) it might by inferred that this
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phenotype is not due to abrogation of cilia-driven leftward flow because of defective
ciliogenesis. Also, incubation of mouse embryos with SU5402 did not influence cilia-
driven leftward flow as well (Tanaka et al., 2005). Indicating that FGF8 signalling, like

in rabbit, might also not be involved in ciliogenesis in the mouse.

FGF8 signalling is epistatic to leftward flow and functions in the relay of LR cues
during the 2 somite stage

The inhibition of FGF8 signalling by incubation with SU5402 suggested no causal
connection between FGF8 signalling and ciliogenesis in rabbit embryos (Fig. 18;
discussed above). Earlier work in rabbit has shown that FGF8 has a right-sided
repressive function, which later was shown to be dependant on gap-junctional
communication (GJC; Fischer et al., 2002; Feistel and Blum, 2008). From this it was
concluded that FGF8 signalling plays a role in the transfer of LR cues independent of
cilia-driven leftward flow (Feistel and Blum, 2008). In the present study it was tested
in an epistasis experiment if FGF8 signalling was able to exert its asymmetric
function in a “no-flow situation”. Therefore, embryos were cultured with an FGF8-
loaded bead implanted on the left side and an SU5402-loaded bead on the right side
of the PNC, covered with methylcellulose-containing medium (Fig. 19). In this setting,
the FGF8 bead should block endogenous asymmetric marker gene expression,
whereas the SU5402 bead should allow for ectopic right-sided expression and the
methylcellulose renders the medium viscous enough to block leftward flow.
Compared to embryos cultured only in the presence of methylcellulose, embryos that
had received the two beads showed markedly reduced incidences of marker gene
expression in the left lateral plate and an increase in expression exclusively on the
right side (Fig. 19). This strongly suggested that also in a “no-flow situation” FGF8
was able to exert its repressive function and that the local inhibition of FGF8
signalling allowed for marker gene expression. These results emphasise again that
FGF8 signalling is not involved in the set-up of a functional PNC and cilia-driven
leftward flow in rabbit embryos. Instead these data support a model put forward in

earlier work (Feistel and Blum, 2008). This model states the following: (1) from the
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paranotochordal domain, a Nodal inducing signal, perhaps Nodal protein itself,
spreads towards both sides, (2) FGF8 exerts repression of the Nodal signalling
cascade via GJC and (3) a flow-mediated release of repression. Step (3) of course is
not necessarily falsified by the above-mentioned experiment because the event
terminating FGF8 signalling mediated Nodal repression in vivo could still be flow-
mediated. The experiment rather showed that the signalling itself is independent of
flow and that it is not affecting the set-up of flow. Including the results of the present
study, the model for FGF8 signalling might be extended by the following: (1) FGF8
signalling confers competence to the lateral plate by setting up the paranotochordal
expression domain of Nodal. (2) From this domain Nodal protein spreads towards
both sides and FGF8 is needed in step (3) to repress the Nodal signalling cascade
via GJC. Step (3) involves the left-sided release of repression, which might be flow-

mediated, to start the Nodal signalling cascade in the left lateral plate mesoderm.

Taken together, it might be conceivable that both signalling pathways examined here,
converge on the regulation of the paranotochordal domain to specify laterality, Shh
by the regulation of the Nodal inhibitor Coco in this domain and FGF8 by the set-up

of the Nodal domain itself.
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Material and methods

Cloning of gene sequences and expression analysis

Fragments of genes of which sequence information in other species was available

were cloned and analysed for their expression patterns in rabbit embryos.

RNA-Isolation from embryos

Total RNA was extracted from E12 embryos according to the Peglab PeqGOLD
TriPure™ Kit. This method is based on one step-liquidphase-Separation in phenol
and chloroform.

E12 embryos were dissected in PBS®, immediately frozen in liquid nitrogen and
stored at -80°C. For RNA-Isolation, one embryo was homogenized in 1ml of
PeqGOLD TriPure™ and incubated for 5 min. at RT. Afterwards 0,2ml chloroform
were added and the tube was shaken vigorously for 15 sec. After another 10 min. of
incubation at RT the probe was centrifuged for 5 min. at full speed to separate the
homogenate into 3 phases. The aqueous phase contained the RNA, the interphase
the DNA and the organic phase the proteins. For RNA-precipitation the aqueous
phase was transferred into another tube and 1ml isopropanol was added. After
centrifugation at full speed and 4°C the pellet was washed twice in 1ml of 75%
ethanol, centrifuged briefly, dried and then resuspended in about 100ul of sterile
DDW. Probes were stored at -80°C.
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First strand synthesis of cDNA

cDNA was synthesized from total RNA preparations by reverse transcription using M-
MLV Reverse Transcriptase. For a standard protocol, 1ug of random hexamers were
added to 1ug of RNA and filled up with sterile water to a final volume of 14pul. The
solution was heated to 70°C for 5 min to melt secondary structures within the
template and immediate cooling on ice thereafter prevented these structures from
reforming. Afterwards Sul of 5x M-MLV Reaction Buffer, 1.25ul of 10mM dNTPs and
1ul (200 units) of M-MLV RT were added and filled up to a volume of 25ul. After an
initial incubation at 10 min. at room temperature the reaction was then put to 42°C for

another 50 min to complete first strand synthesis.

Polymerase chain reaction (PCR)

Oligonucleotides and PCR conditions

For the design of primers, already available sequences of interest preferably of
human or mouse were run against a genomic database (NCBI Blastn) or were
directly aligned to each other. Alignments derived from such searches were checked
for regions of high homology and oligonucleotides of about 20-25 bases spanning
regions of 500 to 1000 basepairs were designed as primers for the following PCR
reactions. Usually three forward and reverse primers per gene were used to amplify
products of different lengths. The primer combination giving the best PCR result was
used to obtain a fragment for further amplification in bacteria.

The following primer combinations and PCR conditions were used:

Ihh
forward: for1 5 GCC GAC CGC CTC ATG ACC CAG CGC 3
reverse: revl 5 GGG GCC AGA AGG CCA ACT GAG CCA G 3

primer concentration: 15pM/ul
annealing conditions: 68°C, 30sec; 8% DMSO

77



Material and methods

Probes against Dhh, Smo, Hip and Gdf1 as well as against Nodal, Pitx2 and Lefty
were kindly provided by Dr. Anja Rietema.

Gsc (not shown):

forward: for1 & ATG CCC GCC AGC ATG TTC AG J
reverse: rev2 5 CCG CGG CCG TCA GCT GTC CGA GIC C 3
primer concentration: 15pM/ul

annealing conditions: 62°C, 30sec; 6% DMSO

Pci2 (not shown):
forward: for4 5 CTG GAG GCA TTA AAT GAT TAC AAG 3
reverse: rev3 5 GTT CAG TCC TAC AGT CAG GAT GC 3

primer concentration: 20pM/ul
annealing conditions: 56°C, 30sec; 6% DMSO

Lfng (not shown):
forward: for3 5 GAG ACC TGG ATC TCG CGC CAC AAG G 3
reverse: revd 5 GAG CGG AAC CTG GAT GGG TC 3

primer concentration: 15pM/ul
annealing conditions: 61°C, 30sec; 6% DMSO

Standard PCR protocol

For a 25ul PCR reaction 1pl of previously prepared cDNA was mixed with 2mM
dNTPs, 1U of Tag DNA Polymerase, 5ul 5x Buffer, 1ul of each the forward and the
reverse Primer (concentration indicated) and filled up to a volume of 25ul with sterile
double distilled water (DDW). If necessary, DDW was substituted with varying
amounts of DMSO (6-8%) to enhance specific hybridization of the oligonucleotides.

A standard PCR program started with (1) 1min at 95°C, followed by (2) 30sec at
95°C, (3) 30sec or 1min at the annealing temperature indicated and (4) 1min at 72°C.

Steps (2) to (4) were repeated 39 times before the reaction was (5) stopped and kept
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in the cycler at 8°C. Step (1) and (2) yield a denaturation of double-stranded
templated DNA, step (3) allows hybridisation of the primers to the single-stranded
DNA and during step (4) the Tag-Polymerase elongates the sequence from the
primer’s 3’ end.

If the product was intended to be further amplified in bacteria, another 15min at 72°C
were added after the 40 cycles to make use of the Tag-Polymerase’s Terminal
Transferase activity that adds an extra Deoxyadenosine onto each 3’ end of the
already existing double-stranded PCR product. This creates a 3’ A-overhang on each

side that can be utilised for ligation into a cloning vector.

Agarose gel analysis

For gel analysis of nucleic acids a standard 1% agarose gel in TAE buffer
supplemented with an end concentration of 0.4ug/ml ethidium bromide solution was
used. After the negatively charged nucleic acid fragments were segregated under the
influence of an electrical field the gel was exposed to UV light where the fluorescence

of the intercalated ethidium bromide could be visualised and documented.

Subcloning of PCR products and bacteria culture

Two different cloning systems were used to amplify PCR products: the desired
sequences were either cloned into the pCRII-TOPO-vector from the TOPO TA
cloning Kit and amplified in OneShot chemically competent cells (E.coli) or ligated
into the pGEM-TEasy vector and transformed into chemically competent XL-1 blue
cells (E.coli). Both vectors have their multiple cloning site within the coding region of

B-galacosidase, so that positive clones can be selected by blue and white screening.

Ligation of PCR products into cloning vectors
The linearized pCRII vector has the enzyme topoisomerase covalently bound to 3’-T
overhangs at its multiple cloning site. This enables the direct ligation of Tac-amplified

PCR products with 3’-A overhangs into the vector. A cloning reaction was set up by
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combining 4ul of fresh PCR product with 1pl of the provided Salt solution. To this 1l
of vector was added and the reaction was incubated for 10min at room temperature.
The reaction tube was then placed on ice for the following transformation into
competent bacteria.

Ligation of PCR products into the linearized pGEM-TEasy vector was facilitated by
the T4 ligase. In a standard reaction, 5ul of ligation buffer, 1l of vector and 1ul of T4
ligase were combined with 3ul of fresh PCR product. The reaction was incubated for

1h at room temperature or over night at 4°C and then transformed into bacteria.

Transformation and clonal selection

The ligated vectors were transformed into chemically competent bacteria using the
heat shock method. For the TOPO TA protocol, 2ul of ligation reaction were added to
just thawing competent bacteria (OneShot). This reaction was incubated for 30min on
ice and then heat-shocked for 30sec at 42°C. Afterwards the reaction was again
placed on ice, supplemented with 250ul of SOC medium and incubated at 37°C with
shaking.

For the pGEM-TEasy transformation 5ul of ligation reaction were added to competent
bacteria (XL-1 blue cells), incubated for 30min on ice and heat-shocked for 90sec at
42°C. Then, 400ul of SOC medium were added on ice and the reaction was
incubated for 90min at 37°C with shaking.

After incubation at 37°C different volumes (typically 50, 100 and 150ul) of the
bacteria suspension were plated on LB-agar selective plates (100ug/ml Ampicillin;
40ug/ml X-Gal for TOPO-cloning, 100ug/ml Ampicillin; 0.5mM IPTG; 40ug/ml X-Gal
for pGEM-TEasy-cloning) and incubated at 37°C over night. Only white colonies,
indicating the insertion of the PCR product into the multiple cloning site and hence
the disruption of the B-galactosidase coding region, were selected for further

amplification and analysis using the mini-prep procedure.
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Preparation and handling of nucleic acids

Preparation of small amounts of plasmid DNA (mini-prep)

Plasmid DNA from E. coli cultures was isolated using a modified alkaline lysis
protocol. All centrifugation steps were done at 4°C.

3ml of selective LB medium (100ug/ml Ampicillin) were inoculated with a single white
bacteria colony of a selective plate and grown overnight at 37°C with shaking. 2ml of
the culture were poured into a microcentrifuge tube and bacteria were pelleted
through centrifugation at 5000rpm for 5 min. The supernatant was discarded and the
pellet resuspended in 100yl of P1 buffer by heavy vortexing. Then 200ul of lysis
buffer (P2) were added and the tubes were inverted several times to thoroughly mix
the reagents. Alkaline lysis was allowed to proceed for 5min at RT and was then
stopped by neutralising with 150pl of neutralisation buffer (P3), again inverting the
tubes several times. After 20min incubation on ice, the lysate was cleared from the
fluffy white precipitate containing genomic DNA, cell debris and proteins by
centrifugation at full speed for 10min. 400yl of the clear supernatant were transferred
to a fresh microcentrifuge tube and mixed well with 1ml of cold Ethanol to precipitate
the plasmid DNA. After centrifuging for 10min at full speed the pelleted plasmid DNA
was washed with 500ul of 70% Ethanol, centrifuged briefly, dried and resuspended in
50ul of sterile DDW.

Preparation of medium amounts of plasmid DNA (midi-prep)

Medium amounts of plasmid DNA were isolated following the Promega “PureYield
Plasmid Midiprep System” using the vacuum method. Here, all centrifugation steps
were done at RT.

100ml of selective LB medium (100ug/ml Ampicillin) were inoculated with 1ml of a
positively tested bacteria culture and cultivated overnight with shaking at 37°C. Then
bacteria were pelleted by centrifugation for 10min at 5000g and the supernatant was
discarded. For resuspension the pellet was heavily vortexed in 3ml of Cell
Resuspension Solution. Afterwards, cells were lysed by adding 3ml of Cell Lysis

Solution and incubating for 3min at RT. Addition of 5ml Neutralisation Solution
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stopped the lysis and after another 3min of incubation at RT the lysate was
centrifuged for 10min at full speed to pellet the cell debris and protein precipitate. The
clear lysate was then decanted into the Clearing Column which was fit onto the
Binding Column and the Vacuum Manifold. Using the vacuum, the lysate was
completely pulled through the columns and the Clearing Column was discarded. The
membrane of the Binding Column to which the plasmid DNA was bound is then
washed by pulling through 5ml of Endotoxin Removal Wash and 20ml of Column
Wash Solution. To dry the membrane after the washing steps the vacuum was
applied for another 60sec. Then, the Binding Column was removed from the Vacuum
Manifold and put into a 50ml Falcon Tube. To elute the plasmid DNA 600ul of
nuclease free water was added to the binding membrane and recovered by

centrifugation in a swing out rotor for 5min at 1500g.

Measuring the concentration of nucleic acids

The concentration of nucleic acids in aqueous solutions was determined via
spectrophotometry. The ratio of absorption (A) at the wavelengths 260nm and 280nm
measured against the solvent indicated the purity of the solution (pure nucleic acid
solution: 1.8 for DNA and 2.0 for RNA). The content of either DNA or RNA was
inferred from the Az value with 1 unit corresponding to 50ug/pl DNA and 40ug/ul
RNA.

Restriction enzyme digests

To check for insertion of the correct PCR fragment after a mini-prep inserts were
released from the plasmids by digestion with a restriction enzyme cutting on both
sides of the multiple cloning site. EcoRI could be used for both pCRII-TOPO and
pGEM-TEasy vectors. Typically 1.5ul of 10x buffer and 1ul of enzyme were added to
10ul of plasmid DNA and the mixture was filled up to a volume of 15ul with 2.5ul of
sterile DDW and incubated for 2hrs at 37°C. After digestion the reaction was
analysed on a 1% agarose gel.

For linearization digests usually 20ug of plasmid DNA were used in a 100ul reaction.

The enzyme was concentrated according to the manufacturer’s instruction and
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incubated overnight at 37°C. Afterwards 1ul of the digestion was controlled against

uncut plasmid DNA on a 1% agarose gel.

Sequencing and database analysis

Inserts of plasmids were sequenced at Seqglab, Goéttingen. The obtained sequences
were run against the NCBI database wusing the “blastn” algorithm.
(www.ncbi.nlm.nih.gov/BLAST).

Whole mount in situ hybridisation

In vitro transcription of RNA probes

For in vitro transcription of RNA probes 0.4-1ug of linearized plasmid with the insert
of interest was used as a template. Depending on the orientation of the insert 20units
of either SP6 or T7 RNA polymerase were added to a mixture of template, 4pl
Transcription Buffer, 0.5ul (=20units) RNasin, 2ul DTT and 2ul of digoxigenin-labelled
NTPs. Sterile DDW was added to a final volume of 20ul and the mixture was
incubated at 37°C for 2hrs. After transcription 115ul of cold 100% Ethanol and 3.75ul
of 4M LiCl were added and the transcribed RNA was precipitated for at least 20min
at -20°C. Then the tube was centrifuged at full speed and 4°C for 30min to pellet the
RNA. The supernatant was discarded and the pellet was washed with 20ul of cold
70% Ethanol and centrifuged again for 5min. Afterwards the Ethanol was discarded
and the pellet was allowed to dry shortly before it was resuspended in 20ul of a 1:1
mixture of sterile DDW and formamide. 1ul of the resuspended RNA probe was
mixed with 8ul sterile DDW and 1ul 10x Loading Buffer and checked on a 1%
agarose gel for the appropriate size and integrity of the product. The remainder of the

RNA probe was stored at -80°C until further use.
In situ hybridisation

Whole mount in situ hybridisation was used to detect expression patterns of specific

genes of interest in whole rabbit and chick embryos. Expression of newly cloned
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genes was assessed in wild type embryos whereas embryos after in vitro culture
were tested for left-right marker genes. Unless otherwise indicated, at least 3ml of

buffer are used for each washing step.

Day 1: On the first day of the procedure the tissue was prepared for taking up the
digoxygenin-labelled antisense RNA probe, which hybridizes to the endogenous
target mMRNA. Embryos were either used directly after fixation with 4% PFA (4%
paraformaldehyde in PBS’) or were rehydrated from storage in 100% methanol
through a graded series of 75, 50 and 25% methanol in PBS'w (PBS™ with 0.1%
Tween-20) on ice. Embryos were washed three times in PBS'w for 5min and then the
tissue was permeabilized for 5 to 30min with 10ug/ml proteinase K in PBS'w at RT.
Digestion was stopped with 2mg/ml glycine in PBS'w followed by three washing
steps in PBS'w for 5min. The tissue was then refixed for 15min in 4% PFA
supplemented with 0.2% glutaraldehyde. After washing four times in PBS'w for 5min
the embryos were transferred into a 1:1 mixture of hybridization solution in PBS'w.
After equilibration in 1ml 100% hybridization solution, a pre-hybridisation period in
900ul hybridisation solution at 65°C for 2-3 hours eliminated endogenous
phosphatases. Depending on the concentration of the antisense RNA probe about
1ul was added to 100yl of hybridisation solution and the mixture was heated to 95°C
for 5min to melt secondary structures. Afterwards the mixture was put on ice to
prevent secondary structures from reforming and then added to the vial where the

embryo was incubated with the probe at 70°C overnight.

Day 2: On the second day access antisense probe was removed in high stringency
washing steps and the tissue was prepared for the incubation with the anti-
digoxygenin antibody. In a first step, the hybridisation solution containing the RNA
probe was replaced by 800ul of pure hybridisation solution and embryos were
incubated for 5min at 70°C. In three steps 400ul of 2x SSC (pH 4.5) were added at a
time and incubated for 5min at 70°C. Afterwards Embryos were washed in 2x SSC
(pH7) for 30min at 70°C. The washing steps in SSC were followed by four washing

intervals with MAB, twice at RT for 10min and another two times at 70°C for 30min.
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Afterwards embryos were washed three times in PBS'w at RT for 10min each and
were then pre-incubated in antibody-blocking buffer at 4°C for at least 2hrs. In a
second tube the anti-digoxygenin antibody coupled to alkaline phosphatase was
diluted 1/10.000 and pre-blocked for the same time. After the two hours of pre-
incubation, the blocking buffer was replaced by the blocking solution containing the

antibody and the embryos were incubated at 4°C overnight with rocking.

Day 3: On the third day unbound antibody was removed in extensive washing steps
and the staining reaction was started. Embryos were rinsed and then washed 5 times
for 45min each in PBS'w containing 0.1% BSA. The washing in PBSwW/BSA was
followed by two washing steps in PBS'w for 30min each and embryos were then
transferred into AP1 buffer, which adjusts the pH of the tissue for the optimal reaction
of the alkaline phosphatase. AP1 buffer was changed twice after 10min and then
replaced by a 1:1 mixture of AP1 buffer and BM Purple, the substrate for the alkaline
phosphatase. The staining process was controlled and stopped by washing in PBS'w
when the signal had reached a dark blue to violet colour. A gradual methanol series

intensified the signal and the embryos were afterwards stored in glycerol at 4°C.

Histological analysis of embryos after in situ hybridisation

For histological analysis embryos were equilibrated in embedding medium while the
embedding mould was prepared. To form the mould 2ml of embedding medium were
mixed shortly but vigorously with 140ul of glutaraldehyde and poured into the two
metal brackets arranged to form a square. The mixture was allowed to harden and
the equilibrated embryo was transferred and arranged on the surface of the block,
excess fluid embedding medium was carefully removed. Another 2ml of embedding
medium were mixed with glutaraldehyde and poured into the mould so that the
embryo was now sandwiched between two layers of firm embedding mix. The block
was then trimmed with a razor blade and glued to a plate. The plate was mounted

into the holder of the vibratome and 30um thick sections were prepared. The sections
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were arranged onto glass slides, embedded with mowiol and protected with glass

cover slips.

Immunohistochemistry

Whole mount immunohistochemistry was used to detect expression patterns of
specific proteins of interest in wild type and cultured rabbit embryos.

Embryos were either used directly after fixation with 4% PFA (4% paraformaldehyde
in PBS") or were rehydrated from storage in 100% methanol through a graded series
of 75, 50 and 25% methanol in PBS’t (PBS™ with 0.1% Triton-X 100). Embryos were
then washed two times in PBS’t for at least 5min and subsequently blocked for 2
hours in CAS-block (1:10 in PBSt) at RT. Afterwards embryos were incubated in
200ul of primary antibody solution (mouse anti-acetylated tubulin, 1:700 in pure CAS-
block) for 2 hours at room temperature followed by three washing steps with PBS't
for 20min each. In 200l of secondary antibody solution (anti-mouse 1gG-Cy3, 1:250
in pure CAS block) embryos were incubated at 4°C over night again followed by
three washing steps in PBSt for 20min each. Afterwards embryos were arranged
onto glass slides, embedded with mowiol, protected with glass cover slips and

analyzed under a confocal laser scanning microscope (LSM 5 Pascal).

Embryological procedures

All embryos used in this work were either obtained from timed matings of NZW
rabbits or from timed incubations of fertilized hen eggs. All steps involving isolation
and culture of embryos were carried out under sterile conditions using sterile buffers,
media, labware and instruments. Fixation in a solution of 4% paraformaldehyde in
PBS™ (4% PFA) was conducted for 1h at RT or at 4°C overnight.
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Dissection and storage of embryos

Dissection and fixation of rabbit embryos

After the abdominal cavity of the dead animal had been opened the uterus was
removed in whole and transferred to PBS™ in a 50ml Falcon Tube. If the embryos
were to be used for in vitro culture the uterus was processed natively. If intended for
in situ hybridization the uterus was prefixed in 4% paraformaldehyde for 15-20min
and washed in PBS™ afterwards. Uteri from both procedures were transferred into
fresh PBS" in a large Petri dish (10cm in diameter) where excess fat and mesenteria
were removed and the uterus was separated into pieces between the embryo
implantation sites. Single parts of the uterus were again transferred into fresh PBS”
and dissected further under a stereomicroscope using fine tweezers and iridectomy
scissors. The bulging uterine tissue opposite of the implantation site was carefully cut
and removed until the embryo covering the mucosa became accessible. The embryo
together with as much surrounding extraembryonic tissue as possible was cautiously
detached from the mucosa and transferred into another dish with fresh PBS*. From
there the embryo was either taken into culture directly (for ring culture) or trimmed
further in a circular fashion and used natively for semidry culture or was fixed in 4%

paraformaldeyde for in situ hybridization.

Dissection and fixation of chick embryos

After incubation for the desired length of time eggs were taken out of the incubator
making sure that the embryo stayed on top by not rotating them. Then, eggs were
cracked into a 10cm Petri dish using the rim of the dish. If the vitelline membrane
stayed intact and the blastoderm was roughly centred on the yolk the preparation
proceeded with removing the thick albumen covering the blastoderm with a folded
tissue or a plastic pipette. Once an area of vitelline membrane large enough for the
filter paper ring was cleared the filter paper ring was placed onto the yolk framing the
embryo in the middle. The vitelline membrane was then cut around the filter paper
ring using fine scissors. The ring including the embryo attached to the vitelline

membrane was gently lifted with tweezers and any remaining yolk was removed from
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the ring by stroking the vitelline membrane in a centrifugal fashion with blunt
tweezers. The embryo was then transferred into a small Petri dish containing either
simple saline or PBS" to remove as much yolk as possible by gently flushing the

saline over the blastoderm.

Dehydration and storage

If desired, all embryos fixed in 4% PFA could be stored until further utilisation. After
fixation had been completed, they were washed three times in PBS for 5min and then
dehydrated in an ascending methanol series (25, 50 and 75% methanol in PBS, 2 x

100% methanol). Embryos were stored in 100% methanol at -20°C.

In vitro culture of rabbit embryos

Rabbit embryos intended for in vitro culture were dissected as described above,
processed for in vitro culture and then cultured in a small incubator under humidified
air with 5% CO, at 38°C until they reached the desired stage.

Preparation of culture dishes

A substratum for the embryo during culture was prepared from 0.5% agarose in PBS
which had been sterilized by autoclaving and then stored at room temperature. 100yl
of remelt agarose were pipetted into small culture dishes (35mm in diameter) and
spread out to create a circular mound as flat as possible. Enough culture medium to
cover the agarose mound was added to the dishes which were then pre-incubated

until further usage.

Preparation of rings

Little plastic rings to place around the embryo onto the extraembryonic tissue during
culture were prepared by cutting 3.5ml plastic pipettes using the vibratome. For this
purpose the part of the pipette tip providing the appropriate diameter (about 3-5mm)

was embedded as described above and cut into 300um thick sections using very low
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speed. The rings were then sterilised by washing with 70% Ethanol and the alcohol
was removed by washing thoroughly with sterile water. Afterwards rings were dried

on tissue and stored in a box until needed.

Preparation of substance soaked beads

To place proteins or chemical compounds onto the embryo during in vitro culture,
small beads known form affinity chromatography were used. Affi-Gel Blue Gel beads
(for Shh, Cyclopamine and SU5402) or Heparin-coated acrylic beads (for FGF8)
were washed three times in 50ml PBS" and stored on ice. The lyophilised proteins
were reconstituted according to the manufacturer’s instructions to a concentration of
1pg/ul and 5ul aliquots were stored at -80°C. Cyclopamine was dissolved in Ethanol
at a concentration of 10mM and SU5402 was dissolved in DMSO to a stock solution
of 20mM and then aliquoted. Both substances were stored at -20°C. Because
SU5402 is likely to deteriorate if exposed to light the substance was kept and

handled in the dark whenever possible.

Preparation of modified medium

If it was desirable to have the whole embryo in contact with a drug, the substance
was applied directly in the culture medium.

From the 10mM stock solution Cyclopamine was diluted to a concentration of 80uM
into 1ml portions of culture medium directly before use. SU5402 was diluted from the
20mM stock solution to a concentration of 60uM into culture medium and 1.5%

methyl cellulose were dissolved in culture medium by stirring overnight.

Placement of embryos onto agarose mounds

Single embryos prepared from native uteri were carefully transferred into a medium
filled culture dish using a plastic pipette. With fine tungsten needles the embryo was
gently pulled up the agarose mound and spread out, ectoderm down, on top of the
mound. Surplus medium was now removed with a pulled out glass pipette and the
fluid level was adjusted so that it just reached the extraembryonic tissue. In this way,

the embryo was held in place by the surface tension of the medium and also wetted

89



Material and methods

by a thin liquid film in standard, semi-dry cultures. For ring cultures a plastic ring of
the appropriate size was selected and carefully put onto the extraembryonic tissue
framing the embryo. If necessary the extraembryonic tissue was wrapped around the
ring to fix the embryo properly and to provide more tension. Then the ring was filled
with a drop of medium to supply the embryo with a higher liquid film than in standard
cultures.

When embryos should be cultured in modified medium, dishes were taken from the
incubator, the pre-incubated medium was removed and replaced by fresh modified
medium. The embryo was then transferred directly into the modified medium and
placed onto the agarose mound as described above. The only exception from this
routine were the experiments with 1.5% methylcellulose in culture medium where the
embryo was placed first onto the mound, the pre-incubated medium was then

completely removed and replaced by medium containing 1.5% methylcellulose.

Implantation of substance soaked beads

Using a sharpened tungsten needle a small lesion was scraped into the embryo at
the respective site of bead implantation. With a little hook bent into the tip of a
tungsten needle, a bead was picked from the droplet in which it has been incubated.
It was placed onto the embryo and carefully pushed into place so that it came to lie
between ecto- and endoderm. After positioning the bead, the ring was placed and
filled with medium as described above and the embryo was put in the incubator and

cultured to the desired stage.

Fixation of cultured embryos

After culture was completed, the medium was aspirated and replaced with 4% PFA
which was filled in high enough to lift the embryo off the agarose mound and let the
tissue float on the surface of the fixative. Embryos were either fixed for one hour at
room temperature or at 4°C overnight. Rings were removed when fixation was

completed and embryos were then prepared for storage as described above.
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In vitro culture of chick embryos

Chick embryos intended for in vitro culture were dissected as described above. After
removing as much yolk as possible with simple saline or PBS", excess fluid was
absorbed by dabbing an edge of the filter paper ring on a piece of tissue paper. This
prevents the collection of excess liquid in the shallow well above the embryo during
culture. The filter paper ring with the embryo was then carefully placed onto an
agarose-albumen culture dish with the blastoderm ventral side up avoiding to trap
any air bubbles between the embryo and the substratum. The embryos were then put
into the small incubator either natively or a substance soaked bead was implanted as

described above and cultured until they reached the desired stage.

Preparation of filter paper rings and culture dishes

Rings with an outer diameter of 3cm and an inner diameter of 1.3cm were cut out of
chromatography paper.

For culture dishes 60 ml of simple saline with 0.6% agarose were heated until the
agarose was melted. Also 60ml thin albumen of unincubated eggs were collected
and both liquids were equilibrated at 49°C. Then the liquids were mixed thoroughly
and 5U/ml penicillin/streptomycin were added. Using a 10ml pipette 2.5ml of the
mixture was aliquoted into each 35mm culture dish without introducing any bubbles.
After replacing the lids the dishes were left to dry at room temperature for several

hours or overnight and then stored in an airtight container at 4°C or up to 2 weeks.

Structural analysis of cultured embryos

Scanning electron microscopy
Embryos cultured either with the standard method or the ring method were gently
rinsed with culture medium to remove cell debris that had accumulated during the

incubation period and were then immersion fixed with a mixture of 4% PFA and 2.5%
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glutaraldehyde for 1h at room temperature or at 4°C overnight. The specimens were
washed three times for 10min in 0.1M phosphate buffer (PB) and were then postfixed
for 1hin 1% OsO4 in 0.1 M PB at 4°C. After another three times of washing in PB for
10min the embryos were gradually dehydrated in an ethanol series (15% in PB, 30%
in PB, 50% in PB and DDW, 70% in DDW, 90% in DDW and 2 x 100% ethanol) and
stored in 100% ethanol at 4°C until submitted to the drying procedure. Critical point
drying was performed using CO, as a drying agent. Afterwards embryos were
sputtered with gold and analysed under a LEO DSM 940A.

Analysis of cilia-driven leftward flow in rabbit embryos

Cilia-driven leftward fluid flow was analyzed in wild type, standard- or ring-cultured
embryos. Therefore embryos were dissected and processed as described above.
Cultured embryos were gently rinsed with culture medium to remove cell debris that

had accumulated during the incubation period prior to analysis.

Fluorescence microscopic analysis

For fluorescence microscopic analysis embryos were transferred into culture medium
containing 200nm big fluorescent latex beads (FluoSpheres®) in a concentration of
1:2500. On a glass slide a rectangle was formed using Vaseline. The embryo was
transferred into the rectangle with a drop of medium using a plastic pipette, arranged
with its ventral side up and then covered with glass cover slips. Due to the Vaseline
the distance between glass slide and cover slip was adjustable. After excitation with
UV light (Osram HBO mercury vapour lamp with aspherical collector, Zeiss) at a
wavelength of 395/475nm the emitted light (509nm) of the fluorescent beads was
recorded with the help of a CCD camera (AxioCam HSc, Zeiss) and the axiovision

software 4.6 (Zeiss). Time-lapse movies were 500 frames long with 2 frames/s.
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Semi-automated processing of raw data
Raw data obtained with the axiovision software was further processed using the open

source programme Imaged (http://rsb.info.nih.gov/ij/) and the plugin “ParticleTracker”

(Sbalzarini and Koumoutsakos; J. Struct. Biol.,, 2005) as well as a custom-made

macro in statistical R (http://www.r-project.org/; Hornik, 2008) based on a macro

developed by Weber, 2006. The obtained films and corresponding bright-field images
were exported as .if files and loaded in Imaged. Here, images were rotated arbitrarily
so that the PNC was viewed with anterior to the top. Then images were cropped to a
standard size of 360x432 pixels and, by running the film, a mask was defined to
exclude regions where backflow was filmed. After running the plugin “Particle tracker”
the obtained .txt file was saved and processed further with the macro. The custom-
made statistical R macro included the following operations:

Step 1: for each trail a bezier fit curve was calculated with an iteration level of 10 (i.e.
10 points per curve).

Step 2: for flow calculation only trails were selected that 1) appeared in more than 10
consecutive frames to eliminate artefacts of the “Particle tracker” and 2) showed a
rho value of grater than 0.6 (empirically determined). In this context rho represents
the mean resultant length of a vector for the significance of the mean direction
calculated with the Rayleigh test of uniformity based on the bezier curve of the trails.
Rho=0 represents completely random direction (points of bezier curve are distributed
randomly), rho=1 represents exactly straight trails aiming in the same direction
(points of bezier curve are distributed in a straight line). With the remainder of trails
again a Rayleigh test was performed to calculate the rho value for the whole film. The
result was also graphically depicted in a windrose histogram subdivided into groups
of 45°,

Visualisation: to visualise direction and movement, the trails were differentially
coloured over time from t=0s (green) via t=12.5s (yellow) to t=25s (red) and then
merged into one frame yielding a Gradient Time Trail (GTT). In the case of a movie

the next frame comprised the 51 consecutive frames covering t=0.5s to t=25.5s.
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Buffers, solutions and media

For bacteria culture

Super Optimal Catabolite repression medium (S.0.C.)

0.5% Yeast extract
2.0% Tryptone
10mM NacCl
2.5mM KCI

10mM MgCl,
10mM MgSOq4
20mM Glucose
autoclave

Lysogeny Broth (LB) medium

1%Tryptone

1% NaCl

0.5% Yeast extract

adjust pH to 7.0, autoclave

LB agar

1% Tryptone

1% NacCl

0.5% Yeast extract

adjust pH to 7.0, add 159/l agar before autoclaving

For DNA preparation

P1

50mM TRIS HCI
10mM EDTA pH 8
add RNaseA (DNase free) to a final concentration of 100ug/ml

P2

0.2M NaOH
1% SDS

P3

3M Potassium acetate, adjust pH to 5.5 with glacial acetic acid
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For in situ hybridisation

Phosphate buffered saline 10x (PBS’, 11)

80g NaCl

2g KCI

14.4g Na;HPO,4

2.4g KH,PO,4

800mI DDW

adjust pH to 7.4, add DDW to 1l, autoclave
PBSy = PBS with 0.1% Tween-20

Hybridisation solution (1)

10g Boehringer Block

500ml Formamide

250mlI SSC 20x

heat to 65°C for 1h

120mI DDW

100ml Torula RNA (10mg/ml in DDW, filtered)
2ml Heparin (50mg/ml in 1x SSC pH 7)

5ml 20% Tween-20

10ml 10% CHAPS

10ml 0.5M EDTA

Sodium Sodium Citrate Buffer 20x (SSC, 1)

175.3g NaCl

88.2g Sodium Citrate

800mI DDW

adjust pH to 7.0, add DDW to 1l, autoclave

Maleic Acid Buffer 5x (MAB, 11)

58.05g (100mM) Maleic Acid

43.83g (150mM) NaCl

800mI DDW

adjust pH to 7.5 with 10N NaOH, add DDW to 1I, autoclave

Antibody Blocking Buffer

1% Boehringer Block

dissolve in PBS at 70°C, vortexing frequently
10% Goat Serum (heat inactivated 30min 56°)
0.1% Tween-20

filter
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Alkaline Phosphatase Buffer (AP1, 11)

100mI 1M TRIS pH 9.5
20ml 5M NaCl
50ml 1M MgCl
add DDW to 1l

For electron microscopy

Soérensen Phosphate Buffer

Stock solution A: 0.2M NaH»PO4,
Stock solution B: 0.2M NasHPO,
For 0.1M pH 7.4: 19ml a, 81ml B, 100m|I DDW

For other applications

Medium for rabbit embryo in vitro culture

F-10 Nutrient Mixture with L-Glutamine
20% Fetal Bovine Serum (heat inactivated 30min 56°C)
2% Penicillin/Streptomycin

Simple Saline for dissection of chick embryos (11)

7.19g NaCl
add DDW to 11, autoclave

Embedding medium for vibratome sections

2.2g Gelatine

1359 Bovine Serum Albumin
90g Saccharose

dissolve in 450ml PBS

Mowiol (Mounting medium)

96g Mowiol 488

2449 Glycerol

24ml DDW

stir for 2h, then add
48ml TRIS 0.2M pH 8.5
stir for 20min at 50°C

centrifuge for 15min at 5000rpm, keep supernatant and store at 4°C
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Tris Acetate EDTA Electrophoresis Buffer 50x (TAE, 1)

2429 Tris base

57.1ml Glacial acetic acid
100ml 0.5M EDTA pH 8.0

add DDW to 11, adjust pH to 8.5

Sources of supply

Chemicals and labware:
Affi-Gel Blue Gel

Agar

Agarose

Ampicillin

Boehringer Block

Bovine serum albumin

BM Purple

CAS-Block

Chloroform

CHAPS

Cyclopamine

Dig-Mix

Disodium hydrogen phosphate
DTT

DMSO

Deoxynucleotide triphosphates (ANTPs)
EDTA

Ethanol

Ethidiumbromide

F10 medium

Falcon Tubes (15ml, 50ml)

BIO RAD, Munich
Applichem, Darmstadt
Roth, Karlsruhe
Applichem, Darmstadt
Roche, Mannheim
Applichem, Darmstadt
Roche, Mannheim
Zymed (Invitrogen), Karlsruhe
Merck, Darmstadt
Sigma, Schnelldorf
Biomol, Hamburg
Roche, Mannheim
Applichem, Darmstadt
Promega, Mannheim
Roth, Karlsruhe
Promega, Mannheim
Roth, Karlsruhe

Roth, Karlsruhe

Roth, Karlsruhe
Gibco (Invitrogen), Karlsruhe
VWR, Darmstadt
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Fetal bovine serum
Filter (chromatography) paper
FluoSpheres® (200nm)
Formamide

Gelatine

Glacial acetic acid
Glass slides, Glass coverslips
Glutaraldehyde
Glucose

Glycerol

Glycine

Goat serum

HCI (37%)

Heparin
Heparin-Acrylic beads
Iridectomy scissors
Lithium chloride
Loading buffer

Maleic acid
Magnesium chloride
Magnesium sulfate
Methanol
Methylcellulose
Microcentrifuge tubes, PCR tubes
Multi-well plates

NaOH
Oligonucleotides
Osmium tetroxide
Parafilm
Paraformaldehyde
PBS" (10x)

Sigma, Schnelldorf
Schleicher & Schuell, Dassel
Invitrogen, Karlsruhe
Roth, Karlsruhe

Roth, Karlsruhe
Applichem, Darmstadt
Roth, Karlsruhe
Applichem, Darmstadt
Applichem, Darmstadt
Roth, Karlsruhe
Applichem, Darmstadt
Sigma, Schnelldorf
Merck, Darmstadt
Sigma, Schnelldorf
Sigma, Schnelldorf
Fine Science Tools, Heidelberg
Serva, Heidelberg
Applichem, Darmstadt
Roth, Karlsruhe

Roth, Karlsruhe
Applichem, Darmstadt
Roth, Karlsruhe

Sigma, Schnelldorf
Sarstedt, Numbrecht
Greiner, Frickenhausen
Merck, Darmstadt
Operon, Cologne
Plano, Wetzlar

Roth, Karlsruhe
Applichem, Darmstadt

Gibco (Invitrogen), Karlsruhe
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Penicillin/Streptomycin

Petri dishes

Plastic pipettes

Potassium acetate
Potassium chloride
Potassium dihydorgen phosphate
2-Propanol

Proteinase K

Random hexamers

RNAse A

RNAsin

Saccharose

Sodium acetate

Sodium chloride

Sodium dihydrogen phosphate
Sodium dodecyl sufate (SDS)
Sodium hydroxide

SU5402

T61

Tissue culture dishes

Torula RNA

TRIS base

TRIS HCI

Triton-X 100

Tryptone

Tungsten wire

Tween-20

Tweezers (#3, #5)

Vaseline

X-Gal

Yeast extract

Gibco (Invitrogen), Karlsruhe
Greiner, Frickenhausen
Roth, Karlsruhe

Roth, Karlsruhe

Merck, Darmstadt
Merck, Darmstadt
Roth, Karlsruhe

Roth, Karlsruhe
Promega, Mannheim
Roth, Karlsruhe
Promega, Mannheim
Applichem, Darmstadt
Roth, Karlsruhe

Roth, Karlsruhe
Applichem, Darmstadt
Roth, Karlsruhe
Applichem, Darmstadt
Calbiochem, Bad Soden
Hoechst, Frankfurt
Greiner, Frickenhausen
Sigma, Schnelldorf
Applichem, Darmstadt
Applichem, Darmstadt
Serva, Heidelberg
Applichem, Darmstadt
Plano, Wetzlar
Applichem, Darmstadt
Fine Science Tools, Heidelberg
MainoPharm, Frankfurt
Roche, Mannheim
Roth, Karlsruhe
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Kits:

TOPO TA Cloning Kit

pGEM-T Easy Vector System
PureYield Plasmid Midiprep System
PeqGOLD TriPure™

Proteins and Antibodies:
Anti-mouse 1gG-Cy3
Anti-digoxigenin AP

Modifying enzymes and buffers
Mouse anti-acetylated tubulin
Recombinant human SHH
Recombinant mouse FGF8b

Restriction enzymes and buffers

Animals:
Rabbits (New Zealand White)

Fertilized hen eggs

Special Hardware:

Critical point dryer CPD 030

Heat Sterilizer

Incubator Gasboy C42

LEO DSM 940A

LSM 5 Pascal

Stereo microscope, Stemi 2000 C
Sputter coater SCD 050
Vibratome

Eggincubator, KMB2

Invitrogen, Karlsruhe
Promega, Mannheim
Promega, Mannheim

Peqlab, Erlangen

Sigma, Schnelldorf
Roche, Mannheim
Promega, Mannheim
Sigma, Schnelldorf

R&D Systems, Wiesbaden
R&D Systems, Wiesbaden

Promega, Mannheim

Haussler, Schwabisch Hall
Eierhof Muller, GroRbottwar

Balzers, Austria

Fine Science Tools, Heidelberg
Labotect, Gottingen

Zeiss, Oberkochen

Zeiss, Oberkochen

Zeiss, Oberkochen

Balzers, Austria

Leica, Bensheim

Ehret, Emmendingen
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rho 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0.58
b
0.58
0.35
M 0.11 0.27
0.3390.36
0.37 0.4610.49 | 0.52 0.63 0.75
0.35
0.71
0.37

0.42 0.49
0.45 0.7
0.41 0.48

0.55
0.45
0.53

[WT] [Std.culture] [Ringculture] |Ring culture SU5402 SU5402

Expression: Expression: left Expression: Expression: left Expression: Expression: left Expression: gone
bilateral or gone bilateral or gone bilateral or gone

Supplementary Fig. 1 Overview of rho values (quality) of all flow films analyzed in this study.
Every square represents one embryo with its individual rho value stated. Wild type (WT) embryos
examined ranged from the 2-3 somite stage to 4 somites and are depicted in black. All embryos
cultured and filmed afterwards had 3-5 somites when filmed. Standard-cultured (Std. culture) embryos
are shown in red and displayed bilateral or no marker gene expression after in vitro culture. Untreated
ring-cultured embryos with left-sided expression are shown in blue and with altered expression in light
blue. Rho values of films of ring-cultured embryos treated with DMSO and left-sided marker gene
expression are depicted in turquoise. Ring-cultured embryos incubated with SU5402 are shown in
yellow and orange, showing altered or normal left-sided expression, respectively. Films of ring-
cultured embryos that received an FGF8 loaded bead and lacked marker gene expression are
depicted in green.
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Supplementary Fig. 2 Nucleotide- and deduced amino acid-sequence of rabbit Hh-signalling
marker gene-fragments cloned by RT-PCR. (A) 796bp fragment of /hh, the conserved N-terminal
signalling domain is underlined. (B) 819bp fragment of Dhh. the conserved N-terminal signalling
domain is underlined. (C) 1009bp fragment of Smo, the membrane spanning Frizzled/Smoothened
domain is underlined. (D) 532bp fragment of Hip. (E) 660bp fragment of Gdf1, the TGFB domain is
underlined.
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