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Abstract

The Xenopus tadpole has the capacity fully to regenerate its tail after amputation. Previously, we
have established that this regeneration process requires the operation of several signaling
pathways including the bone morphogenic protein, Wnt, and Fgf pathways. Here, we have
addressed the signaling requirements for spinal cord and muscle regeneration in a tissue-specific
manner. Two methods were used namely grafts of transgenic spinal cord to a wild type host, and
the use of the Tet-on conditional transgenic system to express inhibitors in the individual tissues.
For the grafting experiments, the tail was amputated through the graft, which contained a
temperature inducible inhibitor of the Wnt-p-catenin pathway. For the Tet-on experiments,
treatment with doxycycline was used to induce cell autonomous inhibitors of the Wnt-B-catenin or
the Fgf pathway in either spinal cord or muscle. The results show that both spinal cord and muscle
regeneration depend on both the Wnt-f-catenin and the Fgf pathways. This experimental design
also enables us to observe the effect of inhibition of regeneration of one tissue on the regeneration
of the others. Regardless of the method of inhibition, we find that reduction of spinal cord
regeneration reduces regeneration of other parts of the tail, including the myotomal muscles. In
contrast, reduction of muscle regeneration has no effect on the regeneration of the spinal cord. In
common with other regeneration systems, this indicates that soluble factors from the spinal cord
are needed to promote the regeneration of the other tissues in the tail.

Keywords
Xenopus tadpole; tail; regeneration; Wnt; Fgf; spinal cord; muscle; tissue interaction

INTRODUCTION

The African clawed frog Xengpus has an interesting range of regeneration behaviors,
including the complete regeneration of the tadpole tail and the early developing limb (Dent,
1962; Filoni and Bosco, 1981; Mochii et al., 2007; Slack et al., 2008; Beck et al., 2009). In
recent years, Xenopus has emerged as a leading model for regeneration research largely
because it has the advantage for experimental work of being a standard laboratory model
organism (Sive et al., 2000). The combination of a good probe inventory, a whole range of
microsurgical techniques and a set of well-established transgenic techniques provides a
powerful opportunity to investigate the cellular and molecular mechanism for organ
regeneration in Xenopus. Findings from regeneration research in Xenogpus has already
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greatly contributed to our understanding of regeneration capacity and mechanisms in other
animals (Poss, 2010).

The tail of the Xengpus tadpole regenerates completely during the tadpole’s life, except for a
brief refractory period before feeding (Beck et al., 2003a), and a decline as metamorphosis
approaches (Franchini and Bertolotti, 2011). The tail consists of three main axial structures:
the spinal cord, the notochord, and the segmented muscles. These are surrounded by
connective tissue and epidermis. Previous work in our laboratory has shown that the spinal
cord and notochord regenerate from their corresponding tissues in the stump; and that the
regeneration of the muscle comes from muscle satellite cells (Gargioli and Slack, 2004;
Chen et al., 2006). Other cell types, such as pigment cells, also regenerate from their
precursors in the stump (Lin et al., 2007), so there is limited de-differentiation and no
metaplasia during regeneration. This phenomenon of lineage restriction, or tissue memory,
during regeneration has recently been shown also to be conserved in other vertebrate
animals, including urodele amphibians (Kragl et al., 2009), teleost fish (Tu and Johnson,
2011), and mammals (Rinkevich et al., 2011). This shows that there is an assemblage of
distinct zones of regenerating tissues in these various situations. Thus it is of interest to ask
what mechanisms are required to initiate and sustain regeneration in each of these distinct
regenerating tissues, and the extent to which one tissue type is required for the regeneration
of others.

Our laboratory work has previously established that the bone morphogenic protein (BMP)
and Notch signaling pathways are critical for both embryonic tail bud outgrowth and tadpole
tail regeneration (Beck and Slack, 1999; Beck et al., 2003b, 2006). The TGFp pathway is
also required (Ho and Whitman, 2008). More recently, we have demonstrated that both Wnt
and Fgf signaling pathways are required for Xenopus tadpole tail regeneration, and the Wnt
signal operates upstream of the Fgf signal (Lin and Slack, 2008). Evidence suggests that
both canonical and noncanonical Wnt signaling pathways are involved in Xenopus tadpole
tail regeneration (Sugiura et al., 2009). This molecular mechanism is conserved in other
regenerating systems, such as the zebrafish fin and axolotl limbs, despite their clearly
different anatomies (Poss et al., 2000; Kawakami et al., 2006; Stoick-Cooper et al., 2007;
Yokoyama et al., 2007). It has also been shown that other processes, such as ion channels,
cell death, and hyaluronan, are all needed for tail regeneration, but how these relate to the
signaling pathways is not currently clear (Adams et al., 2007; Tseng et al., 2007; Contreras
et al., 2009). In this work, we have further investigated the roles of Wnt and Fgf signals by
establishing their role in two of the individual tissue types in the tail: the spinal cord and the
segmented muscle.

We have used two different procedures in this work. The first, used for spinal cord alone, is
to graft transgenic tissue bearing a temperature-inducible antagonist, to a wild type host. The
second is to set up an inducible system such that antagonists of Wnt and Fgf signals can be
expressed in each individual tissue during regeneration. We have used the N-tubulin
promoter to drive expression in the spinal cord (Marsh-Armstrong et al., 1999), and the
Cardliac actin promoter (Mohun et al., 1986) to drive expression in the segmental muscles. In
each case, the tissue-specific promoter was used to drive expression of a Tet activator, such
that expression of the Wnt or FGF inhibitor could be induced in a tissue specific manner, by
addition of doxycycline. The inhibitors themselves were cell autonomous. ATcf3 is a
truncated form of the transcription factor TCF, which prevents the normal form from
binding to B-catenin, and thereby inhibits the consequences of Wnt signaling (Molenaar et
al., 1996). Xfd is a truncated form of the FGF receptor, which forms unproductive dimers
with the normal form and prevents signal transduction following binding of the FGF ligand
(Amaya et al., 1991).
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The results show that both spinal cord and muscle regeneration require both Wnt and Fgf
signals. They also indicate that there are interactions between the tissues during
regeneration, but the nature of the dependence differs in the two cases. Interventions that
inhibit the regeneration of the spinal cord also reduce the volume of muscle regenerated. On
the other hand, inhibition of Wnt and Fgf signaling in muscles reduces the size of
regenerated muscle and the length of the regenerated tail, but it does not lead to a failure of
spinal cord regeneration.

MATERIALS AND METHODS

Transgene Constructs

HGEM-xtDkk1 was used to generate donors for spinal cord transplantation experiment. The
construction of HGEM-xtDkk1 has been described previously (Lin and Slack, 2008).
Doxycycline inducible constructs pCar-rtTA, pNtub-rtTA, and pCS2- TetOn-GFP were
obtained from Dr. Brown’s lab (Das and Brown, 2004). The pCarpromoter (Mohun et al.,
1986) drives gene expression in all tadpole tail muscles (Das et al., 2002). The pNtub
promoter drives gene expression in neural tissues including the spinal cord in the tail
(Marsh-Armstrong et al., 1999). These constructs were modified in this work as described
below. For better identification of transgenic tadpoles before doxycycline treatment, the
fluorescent protein tdTomato was incorporated to generate pCar-tdTom-2A-rtTA and
PNtub-tdTom-2A-rtTA. First, the H2B-GFP fragment in pCAG-tdTom-2A-H2BGFP
(Trichas et al., 2008) was replaced by a PCR amplified fragment containing the rtTA2S-M2
coding sequence at Bg//l/EcoRV sites. The fragment containing td7om-2A-rtTA was then
subcloned into pCar-rtTA and pNtub-rtTA, replacing the original r¢7A sequence, at Hindlll/
Non sites. pCS2-TetOn-GiIpA Tefand pCS2-TetOn-XTfdGifp were used to manipulate
activities of Wnt and Fgf signaling. pCS2-TetOn-GifpA Tcfwas generated by replacing GFP
in pCS2-TetOn-GFP with GfoA Tcffragment from pHS-GFPA Tef (a gift from Dr. Richard
Dorsky). pCS2-TetOn-XfdGifo was generated by replacing GFPin pCS2-TetOnGFP with
XfdGip, a mycGFPfused version of Xfd (Amaya et al., 1991).

Tadpoles, Spinal Cord Transplantation, and Tail Amputation

Wild type tadpoles were raised from natural mating of wild type frogs. Transgenic tadpoles
were created as described (Kroll and Amaya, 1996) except that the restriction enzyme was
omitted. Cyan fluorescent protein (CFP) tadpoles were bred from transgenic frogs
established in the lab with a CMV-CFP construct. HGEM-xtDkk1: CMV-dsRed double
transgenic tadpoles were generated using HGEM-xtDkk1 and CMV-dsRed constructs.
Tadpoles were raised in 0.1xMMR and staged according to the NF stage series (Nieuwkoop
and Faber, 1967).

For spinal cord transplantation, stage 49 or older wild type and transgenic tadpoles were
anesthetized in 0.02% MS222 in 0.5xMMR (Sigma), and were kept in the anesthetic
solution during the operation. A small piece of spinal cord in the middle tail was removed by
two small incisions with a sharp microsurgery knife, cutting through the lateral muscle. The
donor spinal cord piece was inserted into the wild type host, and the tadpoles were kept in
0.5xMMR for 15 minutes before being transferred to tadpole water for recovery. Three days
post-transplantation, well-healed tadpoles were anesthetized in 0.02% MS222 and their tails
were amputated through the spinal cord graft. Heat shock activation of the Hsp70 promoter
(34°C, 30 minutes each day) was performed as described (Beck et al., 2003b) and carried
out every day until 7 days post amputation when specimens were fixed for analysis.

To generate tadpoles that are doxycycline responsive, one r¢TA construct plus one ptetOn
construct was used in the same transgenesis reaction. To induce gene expression,
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doxycycline (25 mg/L, Sigma) was added to the tadpole water, starting 1 day before tail
amputation, and continued until 7 days post tail amputation, when specimens were fixed for
analysis. Nontransgenic siblings, or pTetOn-Gfp transgenic tadpoles were treated together
with transgenic pTetOn-GfpA Tcfand pTetOn-XfdGip tadpoles, as controls. Some
transgenic tadpoles not treated with doxycycline were also included as control tadpoles.

Histology and Immunohistochemistry

For morphological analysis of the regenerated tadpole tails, hematoxylin and eosin (HE)
staining was performed on paraffin sections prepared from specimens fixed with MEMFA
(0.1 M MOPS, 2 mM EGTA, 1 mM MgS0O4, 3.7% formaldehyde, pH 7.4). To analyze
muscle regeneration in the regenerate tadpole tails, whole mount immunohistochemistry was
performed as described (Chen et al., 2006). The monoclonal antibody 12/101 (Kintner and
Brockes, 1984) was used for the detection of muscle (original cells from Dr. E. Jones,
Warwick University). Alkaline phosphatase conjugated secondary antibody (1:500, Vector
lab) was used and BM purple (Roche) was used for color development. Stained tails were
refixed and sectioned after paraffin embedding, and sections were counterstained with
Nuclear Fast Red (Vector Labs).

Photography and Microscopy

RESULTS

Tail regeneration and expression of fluorescent gene products was observed in tadpoles
under anesthesia in 0.02% MS222 using a Leica Fluo 11 fluorescent dissecting microscope.
Stained sections were visualized with a Leica DMRB microscope. Images were captured
using a Retiga 2000R digital camera (Qimaging) and processed with Photoshop software
(Adobe).

Spinal Cord Regeneration in Tadpoles Transplanted with Dkk1 Spinal Cord

To investigate whether Wnt/beta-catenin signaling is required in the regeneration of spinal
cord during Xenopus tadpole tail regeneration, we used grafts of Dickkopf1 (DkkI)
expressing spinal cord transplanted to wild type tadpoles. Dkk1 antagonizes Wnt/beta-
catenin signaling (Glinka et al., 1998) by binding to the LRP coreceptor for the Wnt ligand
(Mao et al., 2001). We initially used HGEM-xtDkkI transgenic tadpoles as donors in this
experiment and followed the procedure illustrated in Fig. 1A. After recovery from the
transplantation, we induced expression of DkkZ in a warm bath, amputated the operated
tadpoles’ tails through the graft, and observed the subsequent tail regeneration. The
induction of DkkI was maintained long term by a 30 minute warm bath treatment each day.
Our previous results on mRNA level following temperature shocks indicates that this is
sufficient to maintain an active level of mRNA (Beck et al., 2006). We found that all
operated tadpoles regenerated their tails. But when we checked the morphology, we found
that the majority (71%) did not contain spinal cords (Table 1, Fig. 1), indicating that Dkk1
production in the spinal cord alone inhibits spinal cord regeneration. It also compromises,
but does not suppress, regeneration of other parts of the tail, leading to a wavy appearance.

In the previous experiments, the donor spinal cord was not labeled, making it difficult to
follow the regeneration process visually. To make sure that the transplanted spinal cord
survived in the host and to better observe it during regeneration, we generated HGEM-
xtDkk1.CMV-dsRed double transgenic tadpoles, so that the donor spinal cord could be
identified and traced during regeneration with red fluorescence (Fig. 2). In tadpoles
transplanted with HGEM-xtDkk1:CMV-dsRed spinal cords, we found that all donor spinal
cords survived transplantation (Fig. 2C, D). In this series 50% (9/18) of the tadpoles failed
to regenerate their tails (Table 1, Fig. 2E), although all control tadpoles with CFP spinal
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cord grafts did so (Fig. 2J). In the other 50% (9/18) tadpoles that did regenerate their tails,
two thirds (6/9) of them only partially regenerated their spinal cord, as indicated by the red
fluorescence (Fig. 2F, G). The remainder (3/9, 17% of total) had red fluorescent spinal cord
along the full length of the regenerating tail (Fig. 2H). When these tadpoles were subjected
to a second tail amputation, they continued to regenerate their spinal cord from the
transplanted spinal cord (Fig. 2I).

In this type of experiment different individual tadpoles may have different transgene
insertion sites and copy numbers, therefore we expect to see some variation in the results.
Clearly Dkk1 does inhibit spinal cord regeneration. In many cases, the rest of the tail does
regenerate to some extent indicating that the presence of spinal cord is not absolutely
obligatory. However in these cases there was a reduction of muscle mass (Table 1) and also
the notochord, and often the whole tail, had a wavy appearance. In those cases where all
regeneration was blocked it may be that the level of Dkk1 expression was so high that it was
present at an inhibitory level across the whole of the amputation surface.

Using a Doxycycline Inducible System in Xenopus Tadpole Tail Regeneration

As shown above, transplantation is a useful technique in probing the necessity of Wnt
signaling for study of spinal cord. But for muscle, tadpole stage transplantation is not
feasible. We have previously made many grafts of presomite plate to neurula stage hosts but
these generally yield a region of mosaic host/donor muscle and furthermore this often lies at
too proximal a position in the tail to be compatible with survival after amputation. To
resolve this problem, we adapted the doxycycline inducible system that has been previously
shown to work in Xenopus transgenic tadpoles (Das and Brown, 2004).

Firstly, we made transgenic tadpoles with inducible production of GFP either in the neural
tissue (pNtub-rtTA: pTetOn-Gip) or in muscle tissues (pCar-rtTA: pTetOn-Gip) and
examined tail regeneration. As previously reported, adding doxycycline to the tadpoles’
water rapidly induced Gfp expression and did so according to the expected specificity of the
promoter (Fig. 3A-D). Following amputation, all these control tadpoles regenerated their
tails completely (Table 1).

For better visualization of double transgenic tadpoles and for control of experimental
variance, we modified the transgene constructs so that expression of Tet transactivator
rtTA2S-M2 was marked by the expression of tdTomato, using a viral 2A peptide link (de
Felipe et al., 2003; Trichas et al., 2008). Unlike bicistronic constructs using the internal
ribosomal entry site (IRES) in which gene production of downstream is lower then that of
upstream, bicistronic peptides linked with the 2A sequence are intrinsically self-cleaved to
produce equal molar amounts of the products (Ibrahimi et al., 2009). This allows evaluation
of the production of rtTA in live specimens by directly observing tdTomato under the
fluorescence microscope.

We next checked both the tissue specificity and the correlation of the Tet transactivator with
expression of our gene of interest, by comparing the expression of tdTomato against
GFPATCcS in pCar-tdTom-2A-rtTA. pTetOn-GlpA Tcftadpole tails. As shown in Fig. 3,
tdTomato was highly expressed in the tail muscles (red in Fig. 3A). In the presence of
doxycycline, GFP was also induced in the tail muscle (Fig. 3B). Cross sections through the
tail confirmed that tdTomato and GFP were expressed in the same tissues (Fig. 3E-H). This
observation confirms that the doxycycline inducible system is reliable and can be used for
the study of Xenopus tadpole regeneration. Similar results were obtained with the N-tubulin
system (Fig. 3C, D). For the whole series of experiments with both promoters the
correspondence of the GFP expression with the rtTA promoter specificity, and the tdTomato
signal was generally good, but in 5-10% of cases, some ectopic GFP was observed.
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Spinal Cord Regeneration in Doxycycline Inducible ATcf and Xfd Transgenic Tadpoles

Using the doxycycline system, we first set out to confirm the requirement of Wnt/beta-
catenin signals in the regeneration of spinal cord which had been established using the
transgenic spinal cord grafts. We generated pNtub-tdTom-2A-rtTA: pTetOn-GIpA Tcf
tadpoles and followed their tail regeneration after doxycycline treatment. ATcf is a N-
terminus deletion, dominant negative form of Tcf that has been shown to block Wnt
signaling (Molenaar et al., 1996). We found that induced ATcf expression in the spinal cord
abolished spinal cord regeneration in some (4/14, 29%) but not all the transgenic tadpoles
(Table 1). These tadpoles show more cases of muscle reduction than of spinal cord
reduction, but this may be because the morphology of the tails classified as “partial” in this
series was a short stubby tail in which the muscle content is proportionately low.

To investigate the requirement for Fgf signaling in spinal cord regeneration, we examined
the tail regeneration in pNtub-tdTom-2a-rtTA. p TetOn-XfdGfp transgenic tadpoles. Again,
we observed that some tadpoles failed to regenerate their spinal cord when Xfd was induced.
The inhibitory effects are less marked than those shown by the Dkk1 expressing spinal cord
transplants, but it is likely that the level of expression of the gene of interest induced in the
Tet-on system is considerably lower than that obtained directly from a heat shock promoter.
The muscle content in this series was mostly normal.

Taken together, the results do demonstrate that Xenopus tadpole spinal cord regeneration
requires both Wnt/beta-catenin and Fgf signaling, and that partial regeneration of other
tissues is possible in the absence of the spinal cord. As for the Dkk1 cases, regenerates
which had lost spinal cord were defective, tending to be short tails with a wavy notochord.

Muscle Regeneration in Doxycycline Inducible ATcf and Xfd Transgenic Tadpole Tails

To see whether Wnt and Fgf signaling pathways are needed for muscle regeneration in
Xenopus tails, we examined tail regeneration in pCar-tdTom-2a-rtTA: pTetOn-GfpA Tcfand
pTetOn-XfdGfp tadpoles. Two-thirds of tadpoles with ATcf over-expression in their
muscles regenerated their tails, and all these contained spinal cord and muscle tissue (Table
1). However these regenerates were smaller compared to controls (i.e., than the pCar-
tTA.pTetOn-GFPtadpoles) (Fig. 4G-I), and this was mostly due to a deficit of muscle as
shown in sections such as Fig. 4H. The spinal cords were all normal. One-third of the
tadpoles failed to regenerate their tail altogether (Table 1).

The muscle-specific X7d'transgenic tadpoles gave similar, but more pronounced, results.
Most tadpoles regenerated their tails when Xfd expression was induced in the tail muscle
(Fig. 4A). But most cases had a much smaller tail compared to untreated controls (Fig. 4C,
D), and cross sections of the regenerated tail revealed that the transgenic tadpoles
regenerated much less muscle compared to controls (Fig. 4E, F). The spinal cords in these
cases were normal. The notochords were fairly normal although it is difficult to exclude
some small effects. As in the case of the ATcf tadpoles, over-expression of Xfd in tail
muscles sometimes blocked tail regeneration completely, especially when there was strong
expression of Xfd at the amputation surface (Fig. 4B). These results demonstrate that Fgf
signaling is critical for muscle regeneration in Xenopus tadpole tail.

Tissue Interactions

The effect of the reduction of one tissue type on the regeneration of the others can be seen
more clearly when the data from Table 1 is aggregated, as shown in Table 2. Here, all of the
spinal cord inhibition experiments are pooled and all of the muscle inhibition experiments
are pooled. For the spinal cord inhibitions, 31 of 38 cases showing absent or reduced spinal
cord also show a reduction of muscle content. This strongly suggests that the spinal cord
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releases factors that are necessary for, or promote, the regeneration of the muscle.
Conversely, in all of the 43 cases of muscle inhibition resulting in regenerates with reduced
muscle, the spinal cord was normal. So it seems that factors from muscle are not needed to
promote the regeneration of the spinal cord.
DISCUSSION

Tissue Specificity in Xenopus Tadpole Tail Regeneration

Up to now the studies performed on zebrafish and Xengpus tail and limb buds have all
involved uniform treatment of the organism, either with small molecule inhibitors, or with
temperature inducible transgenes. Our work presented here addresses the issue of the
requirements of each of the individual tissues for signaling pathways during the regeneration
process. The Xenopus tadpole tail, when looked at in cross section, consists of several
anatomically distinct tissue compartments. There is a notochord in the central region, the
spinal cord dorsally, the segmented myotomes on both sides, and these axial structures are
surrounded by loose connective tissue and the epidermis, which is drawn into dorsal and
ventral fins containing neural crest-derived mesenchyme. Each of these tissue types is
formed by a specific process in early embryonic development: mesoderm induction forms
the notochord and muscle (Woodland and Jones, 1988), neural induction forms the spinal
cord (Kelly and Melton, 1995) and neural crest induction forms the fins (Tucker and Slack,
2004). Also gene expression studies have shown that the embryonic tail bud can be
anatomically divided into gene expression zones corresponding to these tissue types (Gont et
al., 1993; Tucker and Slack, 1995b; Beck and Slack, 1998; Gawantka et al., 1998). Studies
of the cell lineage of tail regeneration have shown that each of the principal tissues
regenerates independently, without metaplasia or exchange of cells between the tissues
(Gargioli and Slack, 2004; Chen et al., 2006; Lin et al., 2007). For these reasons we can
predict that each tissue is likely to have specific signaling requirements for the initiation and
progression of regeneration.

Our results presented here have focused on two tissue types in the tadpole tail, the spinal
cord and myotome; and on two signaling pathways, the Wnt-p-catenin and the Fgf
pathways. We used two methods: grafts carrying a temperature inducible DkkZ gene, and a
conditional transgenic system enabling us to induce expression of A 7cfor of Xfdby
treatment with doxycycline. In principle the latter method is preferable because the
inhibitors used are cell autonomous and so avoid ambiguities arising from diffusion of Dkk1
protein away from the graft. Also the transgenic method avoids any anatomical disturbance
of the tail due to the prior surgery. However the former method also has its advantages
because the heat shock promoter provides a robust high level expression and DkK1 is a very
effective inhibitor of the Wnt pathway.

In transgenic experiments it is important to be able to monitor events and to prove that the
transgenes are present and expressed at the time and place, that is, expected. Variation may
arise between individuals because the tadpoles used are primary transgenics in which each
individual may carry the transgenes in different locations and at different copy numbers. To
enable accurate monitoring we built two fluorescent labels into each pair of constructs. A
gene for a red fluorescent protein, tdTomato, was driven by the tissue specific promoter, and
was linked to the Tet activator through a 2A sequence. So observation of a red central
nervous system, or myotomes, enabled us to know that this tadpole contains a functional
transgene and that the specificity and level of expression of the Tet activator is suitable for
the experiment. The two inhibitor transgenes, A 7cfand X7d, were prepared such that the
product is a fusion protein with GFP. So following treatment with doxycycline it is possible
to know that the inhibitory protein is being produced, in response to doxycycline induction,
with the correct tissue specificity, and at a suitable level. The Tet-on system does have a
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significant disadvantage which is that the level of expression of the induced gene is often
much lower than can be produced with a constitutive promoter such as CMV, or by the heat
shock promoter used in our spinal cord grafts. So, although the Tet-on system is the more
elegant, we feel that both methods are of value and both can contribute useful results.

The results showed that both tissue types have a common requirement for both signaling
pathways in tadpole tail regeneration. In the Dkk1 inhibition experiments, 24/30 cases
showed reduced or absent spinal cord, with a further nine cases showing complete inhibition
of tail regeneration. The ATcf should also inhibit the effects of Wnt signaling but had a less
severe inhibitory effect with only 4/14 cases showing reduced or absent spinal cord and two
failing to regenerate. The reason for this difference is probably a combination of higher
expression of Dkk1 compared to ATcf, and the greater intrinsic effectiveness of the Dkk1.
There may also be additional effects arising from the diffusion of Dkk1 protein. In the Xfd
experiments, 10/16 cases showed reduced or absent spinal cord, showing that receipt of FGF
signaling by the spinal cord is also necessary for its regeneration.

The Tet-on experiments also showed that the regeneration of muscle depends on these two
pathways. Although the Cardiac actin promoter is not active in muscle satellite cells, it will
become active as the cells start to differentiate to form the new muscle. Because the
doxycycline induction is maintained during the regeneration process, the differentiating
muscle cells will be exposed to the inhibitory reagents as they form. Fourteen of twenty-two
cases inhibited with ATcf showed reduced muscle, with a further 11 not regenerating at all.
Twenty-nine of thirty-one cases inhibited with the Xfd showed reduction of muscle, with a
further five not regenerating at all. Since the ATcf and the Xfd are cell autonomous
components we can be confident that for both tissue types and pathways the requirement is
for the receipt of the signal by the tissue concerned, rather than for its generation.

In the experiments we cannot be sure that pathways are 100% inhibited, and indeed we
expect some variability because different individual transgenic tadpoles will contain
different copy numbers of the insert and have different insertion sites. However, all of the
corresponding control groups: the CFP-labeled grafts of the spinal cord, and GFP induction
by Tet activator driven by either the N-tubulin or the Cardiac actin promoter, showed 100%
regeneration. So we can be confident that none of the inhibitory effects are due to
nonspecific factors to do with surgery, heat shock, transgenesis or doxycycline induction. In
summary, this part of the work shows that receipt of both Wnt and FGF signals are required
for regeneration both of the spinal cord and of the myotomal muscle.

Tissue Interactions During Xenopus Tadpole Tail Regeneration

Tissue interactions during the early embryonic development is critical for the morphogenesis
of the Xenopus tail bud. Embryonic tail bud will not form in the first place unless the neural
plate, posterior mesoderm and posterior notochord all meet at one point (Tucker and Slack,
1995a). This tissue interaction leads to the activation of BMP and Notch signaling pathways
(Beck and Slack, 1999, 2002; Beck et al., 2001). Here in this work, our results suggest that
tissue interactions are also required during tail regeneration.

Our results show that loss of the spinal cord does not totally prevent regeneration of the
other parts of the tail, but it is associated with defects in muscle and notochord. This result is
comparable to previous experiments in which regeneration was examined following surgical
removal of the spinal cord (Taniguchi et al., 2008) or by localized ablation by laser (Mondia
etal., 2011). These both showed that regeneration does proceed in the absence of the spinal
cord, but that tails are shorter, with a wavy notochord, and the formation of the nonspinal
tissues is defective. By contrast our experiments on muscle that result in reduction of muscle
regeneration do not affect the spinal cord at all, and the tails generally have good
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morphology although they may be short. This indicates that some factor or factors from the
spinal cord is necessary for normal regeneration of the rest of the tail, but there is no such
requirement for a factor from the muscle. A requirement for neural tissues is well known in
other regenerating systems, including amphibian limbs, the lizard tail and annelid worms
(Singer, 1952; Carlson, 2007), so the fact that it exists also for the Xengpus tadpole tail is
not surprising. Work on the neural requirement for amphibian limb regeneration have
suggested both the neuregulin group of growth factors and a substance called AG (anterior
gradient) as candidates (Brockes and Kintner, 1986; Kumar et al., 2007). Elucidation of the
nature of the factor(s) in the Xenopus tadpole tail will be a task for future work.
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Fig. 1.

Tail regeneration in HGEM-Dkk1 spinal cord transplanted tadpoles. (A) Example of a stage
51 tadpole with a piece of spinal cord (shown in bracket) replaced. (B—G) Examples of
regenerated tails in tadpoles transplanted with DkkZ spinal cord. (B, E) Whole tail image.
(C, D, F, G) H-E staining of regenerated tail, showing some tadpoles have spinal cord
regenerated (G), some not (D), even though grafted spinal cord can been seen at the
amputation stump (C, F). Scale bars in (A, B, E): 500 pm. Scale bars in (C, D, F, G): 100
pm.
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JAN HGEM-dkk1| B CMV-dsRed

Fig. 2.

Tail regeneration in Xengpus tadpoles with HGEM-Dkk1:dsRed spinal cord transplantation.
(A, B) Example of a tadpole used as donor in this study. This tadpole is transgenic for both
heat shock inducible Dkk1 (HGEM-DkkI) and dsRed (red fluorescence in (B) driven by
human cytomegalovirus (CMV) promoter. Arrow in (A) indicates the green lens of the eye,
which marks the integration of the HGEM transgene. (C, D) Example of a tadpole with a
piece of spinal cord transplanted (shown in red) 3 days after grafting (C) and immediately
after tail amputation though the graft (D). (E-H) Examples of tadpole tail regeneration in
HGEM-Dkk1.dsRed spinal cord transplantation, 7 dpa. (E) An example of nonregenerating
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tail. (F, G) Examples of regenerating tadpole tail with partial regenerating spinal cord, as
indicated by dsRed shown in red. (H) An example of fully regenerating spinal cord in a
partially regenerating tail. This tadpole was subjected to a second tail amputation and fully
regenerated its tail with spinal cord (1). (J) Tail regeneration in a tadpole transplanted with
CFP transgenic spinal cord, 7 dpa. White arrowheads in (E-J) indicate amputation levels.
dpa: day post amputation. s.c.: spinal cord. Scale bars: 500 pm.
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Fig. 3.

Doxycycline-inducible transgenic tadpoles. (A, B) Example of transgenic tadpoles with
muscle specific expression of rtTA, indicated here by expression of tdTomato shown in red
(A), and integration of transgene GfpA Tcf, by expression of GFP after doxycycline
treatment (B). (C, D) Example of transgenic tadpoles with neural tissue specific expression
of GFP, in the central nervous system (C) and the regenerating tadpole tail (D) after
doxycycline treatment. Labeling of axons is apparent in the regenerating tail. (E-H) Cross
sections of tadpole tail were collected for visualization of tdTomato (E) to indicate
expression of rtTA, and immunoreacted to GFP antibody (F), followed by nuclear staining
with DAPI (G). Merged image shows the colocalized expression of tdTomato and GFP (H).
s.c.: spinal cord. not.: notochord. Dox.: doxycycline. Scale bars in (B, G): 500 um. Scale
bars in (C-F, H): 100 pm.
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Control

Fig. 4.

Muscle regeneration in doxycycline-inducible X7dand GfpA Tcftransgenic tadpole tails. (A,
B) Example of a regenerating tails in transgenic tadpoles with muscle specific expression of
XTfd, indicated here by expression of GFP shown in green. (A) Example of a tadpole tail
fully regenerated but with reduced muscle. (B) Example of a tadpole tail which failed to
regenerate after X7d induction with doxycycline treatment. (C, D) Whole mount
immunohistochemistry of regenerating tails with 12/101 to detect muscle tissues. (C)
Example of control tadpole tail after staining. (D) Example of immunostaining of a
transgenic tadpole tail with muscle specific induction of Xfd. Note the short tail regenerate.
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White arrows in (A-D) indicate amputation levels. White lines in (C, D) indicated the level
of cross sections represented by (E, F). (E, F) Cross sections of immunostained tadpole tail
counterstained with Nuclear Fast Red, showing normal and reduced muscle content. (G)
Example of regenerating tail in a tadpole with muscle specific expression of A 7cf, after
doxycycline treatment. Expression of tdTomato is shown in red and overlaid to bright-field
image of the regenerating tail. White arrows indicated amputation level. (H) Example of
cross section through the regenerating tail of a tadpole with muscle specific expression of
A Tcf. Cross sections were obtained after whole mount immunohistochemistry with 12/101
antibody for muscle, and counterstained with Nuclear Fast Red. (1) A cross section from a
wild type tadpole tail regenerate. s.c.: spinal cord. not.: notochord. Dox.: doxycycline. Scale
bars in (A-D, G): 500 pum. Scale bars in (E, F, H, I): 100 um.

Anat Rec (Hoboken). Author manuscript; available in PMC 2013 October 01.



Page 18

Linetal.

‘SJUBLILIAX® JO SPUNOJ [BI8ASS WOJy Pajood aJe siaquinN “uoneuIexs ABojoIsiy 10 ANSIWaYo0ISIyounuuLul ‘UoNezIfensiA

"6—/ SiuswLIadxa Joy _o:couQ
'9—f syuawILIadxe 1oy _EEooq
'€-T Sluawiliadxa Joy _o:coom_

"810sNW ‘I ‘P40 [eulds ‘DS squinu [e10} ‘N

95Ua9saI0N|y Aq pazAfeue pue uoeINduwie ey Ja)e sAep / Pa1oa]|09 aJam SUBWINAAS 1AX 1042/ V 4O UOIONPUI 8UIJAIAXOp 10 Uonelue|dsuel) piod [eulds Jaye pareindwe aiam sajodpel +6t abels Jo sjre ]

(%v6) 62 (%9) ¢ (wo01) 1€ (%YT) S (%18) 62 (ws)z 9 AYOPIX-UOINd VL L-BZ-Wo L pi-180d 6
(%v9) T (%9¢) 8 (%00T) 2z (%€E) TT  (%EV) ¥T  (%¥2)8 €€ JOLVEY9-UuOISNd V.1 1-ez-wo  pi-0d “8
(%6001) €2 (9600T) €2 (%600T) €2 €2 od49=UOIRN VL1120 "L

(%00T) 91 (%€9) 0T (%L€) 9 (%€9) 0T (%L8)9 9T dIOpIX-UOISN VL 1-Ez-WoL Pi-qriNg *9

(%6L) 1T (%T2) € (%62) ¥ (wrot  (wen)e (%88) vT 9T J2LVAYD-UOING L L-EZ-WOLPI-gMING °G
(9%00T) 02 (9%00T) 02 (%00T) 0 02 (e300 YLL-GIN v

(%68) 8 (%TT) T (%00T) 6 (%05) 6 (%05) 6 81 Welf pJod [eulds pay/spyya "€
(%L9)eT  (%eEV) 6 (wt) st (%62) 9 (wt) ST (w62)9 T2 el pioo feutdsyag ‘g
(%001) 1 (%001) 1 (%00T) ¥T T pYeID pI02 eulds 650 T

q+e ul g+e ul g+e ul g+eul orlusbel olekuslel aresubel N Jusw i ledx3

psonpes N [ewlou |  peonpel DS [ewldou DS ON 0 enred: g [ewlioN e

NIH-PA Author Manuscript

sajodpel srndouax ul uoltelausbal ajasnw pue paod Jeulds uo syuswiiadxs dluabsuel |

T374avl

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Anat Rec (Hoboken). Author manuscript; available in PMC 2013 October 01.



Page 19

Linetal.

‘uoneJsuabal P09 [eulds 1981Je 10U S30P UORIGIYUI 3J9SNL INg *UOITRIaUaBaI 8]9SNW S3oNPaJ 0S[e UoNIgIYUl PI0d

[eulds Yey) Moys S)Nsal Y| "Jauuew awes ay} Ul uolelaualiai ajosnw pue plod [eulds syeinBas syuswiiadxa ajosnw pue siusiadxe paod feulds :04 “1sa1 a1qel Aousbunuod Nx yum pawloyiad sonsners,

"319snW ‘|Al P02 [eulds ‘DS
"T 9]qe.L JO SMOJ paredlpul 8yl woly parebalbbe ale siaquiny

100> (wI8)er  (%6T) 0T (96001) €5 (%E2) 9T (9%29) ev (%ST) 0T 69 Jswiadx3 uomqIyul W 6+8

G00<  (%e9) 1€ (%8¥) 62 (96€9) 8¢ (%/€) 2z (%ST) TT (9689) 8v (%.T) 2T T.  swewuedx3 uonqIyul 98 9+G+E+2

ed g+e ul q+e ul g+e ul g+eul olewlusbos oleskusbol srklubel N Jusw i ledx3
peonpal N [ewlou |\ pednpal OS  [ewldou DS ON 2 felired .q fewJoN e

NIH-PA Author Manuscript

uolelausbal ajasnwi pue paod Jeulds Jo uonigiyul 10} s)ynsa. parebalbby

¢3714avl

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Anat Rec (Hoboken). Author manuscript; available in PMC 2013 October 01.



