






for the robust regeneration in the salamander is its lack of

the growth inhibitor gene products p16INK4a/ARF. We

therefore aimed to apply Cre/loxP-based induction to deter-

mining the effect of p16INK4a overexpression during regen-

eration. Temporal control of gene expressionwas important

because the p16INK4a may be expected to strongly repress

cell division during normal development. To overexpress

p16INK4a during regeneration, we fused the human

p16INK4a sequences with T2A-Cherry and cloned the fusion

construct behind the floxed GFP cassette (floxed p16-

Cherry). In order to elicit induction of p16INK4A expression

just prior to regeneration, this animal was crossed to

a 4-OHT-inducible CAGGs:ERT2-Cre-ERT2-T2A-nuc-EGFP

transgenic animal (Figure 6A). p16INK4A gene expression

was initiated with a single intraperitoneal injection of

4-OHT. Cherry expression was observed 5 days after

4-OHT induction in double-transgenic animals (Figure 6C),

and p16INK4A ectopic expression was independently

confirmed using an antibody against human p16 (data

not shown). Tails fromCherry-expressing and -nonexpress-

ing control animals were amputated, followed, and the

length of regenerated spinal cordwasmeasured as a discrete

indicator of regeneration (Figures 6Band6C). At 4days after

tail amputation, a significant inhibition of spinal cord

regeneration was observed in animals overexpressing hu-

man p16INK4A (Figure 6D).

DISCUSSION

Here, we have contributed a number of tools and insights

into the use of germline transgenic animals for salamander

regeneration research by generating germline transgenic

animals for cell-type-specific control of gene expression.

By employing BACs, heterologous promoters, and axolotl

genomic sequences, we have generated a set of animals

that drives EGFP in different cell types of the nervous sys-

tem—neurons (bIII-tubulin), glia (Cnp), and neural stem

cells (Sox2). These will provide an invaluable resource for

studying brain and spinal cord, as well as peripheral nerve

regeneration in these animals. We have also generated

animals driving EGFP in muscle, cartilage, and epidermis.

Importantly, we have combined cell-type-specific expres-

sion with tight temporal control of gene expression using

Figure 4. Tight Temporal Control of Cre/loxP-Mediated Gene
Expression Using the ERT2-cre-ERT2 System
(A) Schematic diagram of the Cre driver. The CAGGs promoter is
driving the ERT2-cre-ERT2-T2A-nuc-EGFP cassette.
(B) Limb of CAGGs:ERT2-Cre-ERT2-T2A-EGFP-nuc transgenic animal in
green and red channel.
(C) Schema of mating between CAGGs:loxP-EGFP-loxP-Cherry and
CAGGs:ERT2-Cre-ERT2-T2A-EGFP-nuc animals.

(D and F) Limb and tail of a double-transgenic (CAGGs:loxP-EGFP-
loxP-Cherry; CAGGs:ERT2-Cre-ERT2-T2A-EGFP-nuc) animal showing
EGFP and Cherry expression levels before tamoxifen induction.
(E and G) Robust Cherry expression is observed in limb and tail of
double-transgenic (CAGGs:loxP-EGFP-loxP-Cherry; CAGGs:ERT2-Cre-
ERT2-T2A-EGFP-nuc) animals after administration of 4-OHT.
Scale bars, 1 mm (B and D–F) and 500 mm (G). See also Figures S2,
S3, S4, and S5.
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the Cre/loxP system. These are critical tools for the molecu-

lar analysis of regeneration because cells from several

different tissues contribute to the blastema and remain as

distinct progenitor cell pools during regeneration (Kragl

et al., 2009). Furthermore, the marker used to initiate

gene expression in the mature tissue may not be main-

tained during regeneration. Therefore, the Cre/loxP system

is particularly valuable for regeneration studies. A critical

aspect of the Cre/loxP or any induction system is leakiness

of the inducer. We therefore scanned a number of means

to tightly induce the CRE activity. In contrast to Whited

et al. (2012), we observe strict tamoxifen-inducible gene

expression when employing the doubly regulated ERT2-

Cre-ERT2 sequences in F0 and after germline transmission

to F1 in combination with ubiquitous promoters (CAGGs)

or a tissue-specific promoter (COL2A1). We can speculate

on several sources for the difference in leaky versus non-

leaky expression in the two settings. First, we have

observed that injection liquids present in the glassmicroin-

jection needle (such as plasmid DNAs for transgenesis or

tamoxifen for injection into the animals) are often left

behind in the micropipette holder after use, and these re-

agents can be carried over into subsequent injections

with new glass microcapillaries via aerosol. Therefore, if

several plasmids are screened in sequence, the presence of

contaminating Cre-ERT2 DNA from previous injections re-

maining behind in themicropipette holder and then being

transferred to newmicrocapillaries could have confounded

the previous results. Similarly, use of themicroinjection de-

vice for tamoxifen injection yielded ‘‘background’’ recom-

binationwhen theDMSO control sample was injected after

the tamoxifen samples without cleaning the micropipette

holder in between, but not vice versa. We therefore clean

Figure 5. Temporal Induction of Gene Expression in Co2A1+

Cells Using Col2A1:ERT2-Cre-ERT2-T2A-EGFP-nuc Transgenic
Axolotls
(A) Scheme of mating between loxP reporter animal (CAGGs:loxP-
EGFP-STOP-loxP-Cherry) and the driver animal (Col2A1:ERT2-Cre-ERT2-
T2A-EGFP-nuc).
(B and D) Double-transgenic animal shows no Cherry fluorescence
in head (B) and tail (D) before tamoxifen induction. High-exposure
times were used for imaging so that overall tissue architecture
could be seen.
(C and E) Double-transgenic head (C) and tail (E) images after
tamoxifen induction. Clear Cherry expression is observed only in the
skeletal elements of the head and vertebral column in the tail. Half-
exposure time from control (C and E) was used.
(F–I) Cross-section of head showing colocalization of Cherry (F)
with Collagen type II antibody staining (G). DAPI delineates nuclei
in blue. (I) represents merged image.
(J) High-resolution image of inset marked in (I) showing Cherry-
positive cells associated with Col2A1 staining in head cartilage.
Scale bars, 2 mm (C, E, and I) and 100 mm (J).
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the micropipette holder between each round of injections.

A second potential source of apparent leakiness for ERT2-

Cre-ERT2 systems could be the quality of the local water

because the animals are aquatically raised and constantly

exposed to water. The presence of estrogen mimics in the

animal water supply could confound the results, and there-

fore, the use of a carefully controlled water supply is

recommended.

Another important technical aspect for transgenesis in

this system is careful, cellular level monitoring of the germ-

line transmission. Because the transgenes integrate

randomly in the genome, position effects result in differ-

ences in expression of the same construct among different

integrants. We therefore screen the F1 progeny of germ-

line-transmitting strains by histological/immunofluores-

cence analysis to confirm the specificity and completeness

of the expression. For example, when generating con-

structs driven by the CAGGs promoter, which should be

expressed in every cell type, we observe some F0 founders

whose progeny show no expression in specific cell types

such as satellite cells or neuronal cells. We therefore

always drive a fluorescent reporter gene behind the trans-

gene and analyze the tissues of interest for appropriate

expression.

We have demonstrated the ability to interrogate gene

function during tail regeneration via inducible overexpres-

sion of the human p16INK4a gene. It has been proposed that

the p16INK4a/ARF locus first arose in mammals and is not

present in animals like the salamander, a potential basis

for the restricted regeneration capacities of mammals (Paj-

cini et al., 2010). Here, we have tested if expression of the

p16INK4a gene represses regeneration when induced ubiqui-

tously prior to regeneration onset. Indeed, we observed a

significant retardation of spinal cord regeneration in over-

expressing the p16INK4a gene, consistent with an antirege-

nerative function for this gene. These animals could in the

future be used to understand the differing downstream re-

sponses in p16INK4a-expressing or -nonexpressing cells.

Figure 6. Inducible Overexpression of
the Cell-Cycle Inhibitor p16INK4 Re-
presses Spinal Cord Regeneration
(A) To overexpress human p16INK4A, a
transgenic animal was made where the
p16INK4A-T2A-Cherry genewas clonedbehind
a floxed GFP cassette (CAGGs:loxP-EGFP-
STOP-loxP-p16INK4AT2A-Cherry). This animal
was crossed with a transgenic animal where
the 4-OHT-inducible Cre was driven by the
ubiquitous CAGGs promoter (CAGGs:ERT2-Cre-
ERT2-T2A-EGFP-nuc). The progenies of this
mating were screened and injected intra-
peritoneally with 4-OHT and examined live
for induction of Cherry expression 5 days
later.
(B and C) Phenotype of single-transgenic
control and double-transgenic experimental
animals ectopically expressing p16INK4A,
following 4-OHT intraperitoneal injection
and tail amputation. No Cherry induction is
seen in single-transgenic animals (B),
whereas the double-transgenic animals
induced Cherry expression (C). Images were
taken 4 days after tail amputation. White
dotted lines indicate the amputation plane;
white arrows demarcate the extent of epen-
dymal tube outgrowth.
(D) Quantitation of the regenerate spinal
cord outgrowth in p16INK4A-expressing
transgenic animals and nonexpressing con-
trols. The length of the ependymal tube is
significantly reduced in the p16INK4A-
expressing animals (paired t-test and the
Mann-Whitney U test, p <0.001).
Scale bars, 1 mm (B and C).
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These transgenic tools in combination with the growing

amount of axolotl sequence data that incorporate next-

generation sequencing results from our own and other

labs for contig assemblies of the axolotl transcriptome

and some genomic sequences (Habermann et al., 2004;

Monaghan et al., 2009; Putta et al., 2004; Smith et al.,

2009) open up new possibilities to parlay this classical

regeneration system into a molecular genetic system to

investigate themechanistic basis of regeneration in a verte-

brate and its restriction in other animals.

EXPERIMENTAL PROCEDURES

Axolotl Care and Transgenesis
Animal experiments were performed after approval by the Landes-

direktion Saxony, Board of Animal Welfare. Animals were bred in

Dresden, Germany, and kept in local tap water at 18�C. The water

quality was controlled every day for temperature, pH, ammonia

levels, and water consumption. Juveniles and adult animals were

kept in continuous flow towers outfitted with particle filters, char-

coal filters, and UV filters. Larvae were kept in small plastic tubs

with change of fresh water every second day. Larvae were fed

Artemia daily, whereas juvenile and adult animals were fed fish pel-

lets. Transgenic axolotls were generated as described (Khattak

et al., 2009; Sobkow et al., 2006). Briefly, one-cell-stage embryos

were collected and manually dejellied and kept at 4�C until injec-

tions were performed. Plasmids that harbored SceI meganuclease

target sites flanking the expression cassette were coinjected with

the SceI meganuclease enzyme (New England Biolabs). Although

the SceI meganuclease increased efficiency of transgenesis as pre-

viously described, it was not absolutely necessary for generation

of transgenics. Swimming larvae were anesthetized in 0.01%

ethyl-p-aminobenzoate (benzocaine; Sigma-Aldrich) for screening

based on fluorescence and were screened on an Olympus SZX16

stereomicroscope. Selected embryos were raised for sexual matu-

rity (males 7–9 months and females 12–15 months) and mated

with nontransgenic white animals to check for germline transmis-

sion. The vectors used to generate transgenic axolotls are described

in Table 1.

Generation of AxSox2:Cre-ERT2 Transgenic Animals
An Ambystoma mexicanum (axolotl) lambda genomic library

(Stratagene) was expanded in the lab using the manufacturer’s

protocol. Axolotl Sox2 gene-specific primers were designed to

screen the primary, secondary, and tertiary pools of the library as

described by Israel (1993) with minor modifications. Briefly, the

440 pools (50,000 clones each) were screened by PCR, but no col-

ony hybridization was done, rather the tertiary pools were further

diluted down to isolate a single positive plaque. The isolated

axolotl genomic DNA was recombined into a plasmid backbone,

and the resulting plasmid was subjected to a second step of recom-

bineering where the Sox2 open reading frame was replaced by the

Cre-ERT2-T2A-EGFP-nls gene using a liquid-recombineering proto-

col (Sarov et al., 2006). The resulting plasmid AxSox2:Cre-ERT2-

T2A-EGFP-nls was injected into one-cell-stage embryo with SceI

meganuclease and allowed to develop normally. Larvae were

screened for EGFP expression in brain and raised to sexual

maturity.

Generation of CAGGs:loxP-EGFP-STOP-loxP-

p16INK4A-T2A-Cherry and COL2A1:ERT2-Cre-ERT2-

T2A-EGFP-nls Transgenic Animals
To generate CAGGs:loxP-eGFP-STOP-loxP-p16INK4A-T2A-Cherry

and COL2A1:ERT2-Cre-ERT2-T2A-EGFP-nls transgenic axolotls, Tol2-

CAGGs:loxP-EGFP-STOP-loxP-p16INK4A-T2A-CherryandTol2-COL2A1:

ERT2-Cre-ERT2-T2A-EGFP-nls constructs were coinjected with Tol2

transposase mRNA into the fertilized one-cell-stage white axolotl

eggs and selected using the methods described above. Immuno-

staining was performed to confirm expression of human p16Ink4A

using a mouse monoclonal antibody against p16 (Santa Cruz

Biotechnology; #sc-56330). To detect collagenII a1-specific expres-

sion, a mouse anti-chicken Collagen type II antibody was used

(Millipore; # MAB 8887).

Distal Limb Blastema Transplantation
Blastema donors (5–6-cm axolotls) were double transgenics of the

genotype: Car Act:EGFP; CAGGs:nucCherry. Recipients were their

nontransgenic white siblings. Donors were amputated through

the forearm wrist. Nine days later, recipients were amputated

through the proximal half of the stylopod, and protruding bones

were trimmed. Immediately, the donor’s wrist blastema was cut

off and transferred in the same proximal-distal orientation onto

the recipient’s stump. Animals were left asleep on a wet tissue

with 0.01% benzocaine for the following 1–3 hr before placing

them back into tap water to recover and regenerate lost limb

structures.

DNA Electroporation and 4-OHT Injection
Circular Cre expression plasmid DNA (0.5 mg/ml) was electropo-

rated in the limb and/or spinal cord as previously described (Eche-

verri and Tanaka, 2003; McHedlishvili et al., 2007). For 4-OHT

injections, larvae were anesthetized in 0.01% benzocaine and

weighed. 4-OHT (Sigma-Aldrich; catalog # H7904 or #H6278)

was diluted in DMSO to obtain a stock of 10 mg/ml. Stock aliquots

were stored at �80�C until use. Fast Green (Sigma-Aldrich; F7258)

was added to the thawed solution just prior to injection. A total of

50 mg/g bodyweight of 4-OHTwas injected intraperitoneally in the

ventral trunk. After injection, larvaewere coveredwith a blanket of

wet tissue for hydration for 20–30 min at room temperature until

returning them to tap water.

Immunohistochemical Analysis of Transgenic

Animals
Tails and limbs of transgenic axolotl larvae were cut and fixed,

cryosectioned, and kept at �20�C until immunostained. The

cryosections were stained with respective antibodies as previously

described by Kragl et al. (2009).
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Beate Gruhl. We thank Jessica Whitehead for ert-cre-ert construct

and Andrea Meinhardt for help in confocal microscopy. This

work was supported by grants from the DFG (TA274/2 [Collabora-

tive Research Center 655] and TA274/3 and TA274/4 [SPP1365]),

HFSP, Volkswagen Foundation, Central funds from theMax Planck

Institute ofMolecular Cell Biology andGenetics, theDFGResearch

Center for Regenerative Therapies, and the Technical University

Dresden to E.M.T. S.L.H. was supported by a Postdoctoral Research

Fellowship from the Alexander von Humboldt Foundation. S.K.

and E.M.T. designed and analyzed most of the experiments. M.S.

and T.R. generated transgenic animals. S.K., T.R., K.H., and R.K.

generated constructs. S.K., D.K., S.L.H., A.D., and T.S.-G. contrib-

uted regeneration experiments with transgenic animals. S.K. and

E.M.T. wrote the manuscript.

Received: January 29, 2013

Revised: February 16, 2013

Accepted: February 18, 2013

Published: June 4, 2013

REFERENCES

Anastassiadis, K., Rostovskaya, M., Lubitz, S., Weidlich, S., and

Stewart, A.F. (2010). Precise conditional immortalization of mouse

cells using tetracycline-regulated SV40 large T-antigen. Genesis 48,

220–232.

Attardo, A., Calegari, F., Haubensak, W., Wilsch-Brauninger, M.,

and Huttner, W.B. (2008). Live imaging at the onset of cortical

neurogenesis reveals differential appearance of the neuronal

phenotype in apical versus basal progenitor progeny. PLoS One

3, e2388.

Bryant, S.V., and Iten, L.E. (1977). Intercalary and supernumerary

regeneration in regenerating the mature limbs of Notophthalmus

viridescens. J. Exp. Zool. 202, 1–16.

Casanova, E., Lemberger, T., Fehsenfeld, S., Mantamadiotis, T., and

Schutz, G. (2003). Alpha complementation in the Cre recombinase

enzyme. Genesis 37, 25–29.

Casco-Robles, M.M., Yamada, S., Miura, T., and Chiba, C. (2010).

Simple and efficient transgenesis with I-SceI meganuclease in the

newt, Cynops pyrrhogaster. Dev. Dyn. 239, 3275–3284.

Dent, J.N. (1962). Limb regeneration in larvae and metamor-

phosing individuals of the South African clawed toad.

J. Morphol. 110, 61–77.

Dunis, D.A., and Namenwirth, M. (1977). The role of grafted skin

in the regeneration of x-irradiated axolotl limbs. Dev. Biol. 56,

97–109.

Echeverri, K., and Tanaka, E.M. (2003). Electroporation as a tool to

study in vivo spinal cord regeneration. Dev. Dyn. 226, 418–425.

Echeverri, K., and Tanaka, E.M. (2005). Proximodistal patterning

during limb regeneration. Dev. Biol. 279, 391–401.

Echeverri, K., Clarke, J.D., and Tanaka, E.M. (2001). In vivo imag-

ing indicates muscle fiber dedifferentiation is a major contributor

to the regenerating tail blastema. Dev. Biol. 236, 151–164.

Garcı́a-Otı́n, A.L., and Guillou, F. (2006). Mammalian genome tar-

geting using site-specific recombinases. Front. Biosci. 11, 1108–

1136.

Glaser, T., Perez-Bouza, A., Klein, K., and Brustle, O. (2005). Gener-

ation of purified oligodendrocyte progenitors from embryonic

stem cells. FASEB J. 19, 112–114.

Habermann, B., Bebin, A.G., Herklotz, S., Volkmer, M., Eckelt, K.,

Pehlke, K., Epperlein,H.H., Schackert, H.K.,Wiebe, G., and Tanaka,

E.M. (2004). An Ambystoma mexicanum EST sequencing project:

analysis of 17,352 expressed sequence tags from embryonic and re-

generating blastema cDNA libraries. Genome Biol. 5, R67.

Hayashi, T., Yokotani, N., Tane, S., Matsumoto, A., Myouga, A.,

Okamoto, M., and Takeuchi, T. (2013). Molecular genetic system

for regenerative studies using newts. Dev. Growth Differ. 55,

229–236.

Israel, D.I. (1993). A PCR-based method for high stringency

screening of DNA libraries. Nucleic Acids Res. 21, 2627–2631.

Iten, L.E., and Bryant, S.V. (1975). The interaction between the

blastema and stump in the establishment of the anterior—poste-

rior and proximal—distal organization of the limb regenerate.

Dev. Biol. 44, 119–147.

Kawakami, Y., Rodriguez Esteban, C., Raya, M., Kawakami, H.,

Marti, M., Dubova, I., and Izpisua Belmonte, J.C. (2006).

Wnt/beta-catenin signaling regulates vertebrate limb regenera-

tion. Genes Dev. 20, 3232–3237.

Kerney, R., Hall, B.K., and Hanken, J. (2010). Regulatory elements

ofXenopus col2a1 drive cartilaginous gene expression in transgenic

frogs. Int. J. Dev. Biol. 54, 141–150.

Khattak, S., Richter, T., and Tanaka, E.M. (2009). Generation of

transgenic axolotls (Ambystoma mexicanum). Cold Spring Harb.

Protoc. 2009, pdb prot5264.

Kragl, M., Knapp, D., Nacu, E., Khattak, S., Maden, M., Epperlein,

H.H., and Tanaka, E.M. (2009). Cells keep a memory of their tissue

origin during axolotl limb regeneration. Nature 460, 60–65.

Kumar, A., and Brockes, J.P. (2012). Nerve dependence in tissue, or-

gan, and appendage regeneration. Trends Neurosci. 35, 691–699.

Kumar, A., Godwin, J.W., Gates, P.B., Garza-Garcia, A.A., and

Brockes, J.P. (2007). Molecular basis for the nerve dependence of

limb regeneration in an adult vertebrate. Science 318, 772–777.

Li, M., Pevny, L., Lovell-Badge, R., and Smith, A. (1998). Genera-

tion of purified neural precursors from embryonic stem cells by

lineage selection. Curr. Biol. 8, 971–974.

Mallo, M. (2006). Controlled gene activation and inactivation in

the mouse. Front. Biosci. 11, 313–327.

Stem Cell Reports j Vol. 1 j 90–103 j June 4, 2013 j ª2013 The Authors 101

Stem Cell Reports
Axolotl Transgenics for Inducible Gene Expression



McGuire, S.E., Le, P.T., Osborn, A.J., Matsumoto, K., andDavis, R.L.

(2003). Spatiotemporal rescue of memory dysfunction in

Drosophila. Science 302, 1765–1768.

McHedlishvili, L., Epperlein, H.H., Telzerow, A., and Tanaka, E.M.

(2007). A clonal analysis of neural progenitors during axolotl spi-

nal cord regeneration reveals evidence for both spatially restricted

and multipotent progenitors. Development 134, 2083–2093.

McHedlishvili, L., Mazurov, V., Grassme, K.S., Goehler, K., Robl, B.,

Tazaki, A., Roensch, K., Duemmler, A., and Tanaka, E.M. (2012).

Reconstitution of the central and peripheral nervous system dur-

ing salamander tail regeneration. Proc. Natl. Acad. Sci. USA 109,

E2258–E2266.

Mercader, N., Tanaka, E.M., and Torres, M. (2005). Proximodistal

identity during vertebrate limb regeneration is regulated by Meis

homeodomain proteins. Development 132, 4131–4142.

Metzger, D., and Chambon, P. (2001). Site- and time-specific gene

targeting in the mouse. Methods 24, 71–80.

Monaghan, J.R., Epp, L.G., Putta, S., Page, R.B., Walker, J.A.,

Beachy, C.K., Zhu, W., Pao, G.M., Verma, I.M., Hunter, T., et al.

(2009). Microarray and cDNA sequence analysis of transcription

during nerve-dependent limb regeneration. BMC Biol. 7, 1.

Morrison, J.I., Borg, P., and Simon, A. (2010). Plasticity and

recovery of skeletal muscle satellite cells during limb regeneration.

FASEB J. 24, 750–756.

Mullen, L.M., Bryant, S.V., Torok, M.A., Blumberg, B., and

Gardiner, D.M. (1996). Nerve dependency of regeneration: the

role of Distal-less and FGF signaling in amphibian limb regenera-

tion. Development 122, 3487–3497.

Muneoka, K., Fox, W.F., and Bryant, S.V. (1986). Cellular contribu-

tion fromdermis and cartilage to the regenerating limb blastema in

axolotls. Dev. Biol. 116, 256–260.

Nacu, E., and Tanaka, E.M. (2011). Limb regeneration: a new devel-

opment? Annu. Rev. Cell Dev. Biol. 27, 409–440.

Nacu, E., Glausch, M., Le, H.Q., Damanik, F.F., Schuez, M., Knapp,

D., Khattak, S., Richter, T., and Tanaka, E.M. (2013). Connective tis-

sue cells, but not muscle cells, are involved in establishing the

proximo-distal outcome of limb regeneration in the axolotl. Devel-

opment 140, 513–518.

Ogino, H., McConnell, W.B., and Grainger, R.M. (2006). High-

throughput transgenesis in Xenopus using I-SceI meganuclease.

Nat. Protoc. 1, 1703–1710.

Pajcini, K.V., Corbel, S.Y., Sage, J., Pomerantz, J.H., and Blau, H.M.

(2010). Transient inactivation of Rb and ARF yields regenerative

cells from postmitotic mammalian muscle. Cell Stem Cell 7,

198–213.

Pavlopoulos, A., and Akam, M. (2011). Hox gene Ultrabithorax

regulates distinct sets of target genes at successive stages of

Drosophila haltere morphogenesis. Proc. Natl. Acad. Sci. USA 108,

2855–2860.

Pescitelli, M.J., Jr., and Stocum, D.L. (1980). The origin of skeletal

structures during intercalary regeneration of larval Ambystoma

limbs. Dev. Biol. 79, 255–275.

Putta, S., Smith, J.J.,Walker, J.A., Rondet,M.,Weisrock,D.W.,Mon-

aghan, J., Samuels, A.K., Kump, K., King, D.C., Maness, N.J., et al.

(2004). From biomedicine to natural history research: EST re-

sources for ambystomatid salamanders. BMC Genomics 5, 54.

Roy, S., Gardiner, D.M., and Bryant, S.V. (2000). Vaccinia as a tool

for functional analysis in regenerating limbs: ectopic expression of

Shh. Dev. Biol. 218, 199–205.

Sarov, M., Schneider, S., Pozniakovski, A., Roguev, A., Ernst, S.,

Zhang, Y., Hyman, A.A., and Stewart, A.F. (2006). A recombineer-

ing pipeline for functional genomics applied to Caenorhabditis

elegans. Nat. Methods 3, 839–844.

Smith, J.J., Putta, S., Zhu, W., Pao, G.M., Verma, I.M., Hunter, T.,

Bryant, S.V., Gardiner, D.M., Harkins, T.T., and Voss, S.R. (2009).

Genic regions of a large salamander genome contain long introns

and novel genes. BMC Genomics 10, 19.

Sobkow, L., Epperlein, H.H., Herklotz, S., Straube, W.L., and

Tanaka, E.M. (2006). A germline GFP transgenic axolotl and its

use to track cell fate: dual origin of the fin mesenchyme during

development and the fate of blood cells during regeneration.

Dev. Biol. 290, 386–397.

Sordino, P., van der Hoeven, F., and Duboule, D. (1995). Hox gene

expression in teleost fins and the origin of vertebrate digits. Nature

375, 678–681.

Steen, T.P. (1968). Stability of chondrocyte differentiation and

contribution of muscle to cartilage during limb regeneration in

the axolotl (Siredon mexicanum). J. Exp. Zool. 167, 49–78.

Stocum, D.L. (1975). Regulation after proximal or distal transposi-

tion of limb regeneration blastemas and determination of the

proximal boundary of the regenerate. Dev. Biol. 45, 112–136.

Stocum, D.L., and Cameron, J.A. (2011). Looking proximally and

distally: 100 years of limb regeneration and beyond. Dev. Dyn.

240, 943–968.

Suzuki, K.T., Kashiwagi, K., Ujihara, M., Marukane, T., Tazaki, A.,

Watanabe, K., Mizuno, N., Ueda, Y., Kondoh, H., Kashiwagi, A.,

et al. (2010). Characterization of a novel type I keratin gene and

generation of transgenic lines with fluorescent reporter genes driven

by its promoter/enhancer in Xenopus laevis. Dev. Dyn. 239, 3172–

3181.

Urlinger, S., Baron, U., Thellmann,M., Hasan,M.T., Bujard, H., and

Hillen, W. (2000). Exploring the sequence space for tetracycline-

dependent transcriptional activators: novel mutations yield

expanded range and sensitivity. Proc. Natl. Acad. Sci. USA 97,

7963–7968.

Verrou, C., Zhang, Y., Zurn, C., Schamel, W.W., and Reth, M.

(1999). Comparison of the tamoxifen regulated chimeric Cre

recombinases MerCreMer and CreMer. Biol. Chem. 380, 1435–

1438.

Wallace, B.M., and Wallace, H. (1973). Participation of grafted

nerves in amphibian limb regeneration. J. Embryol. Exp.Morphol.

29, 559–570.

Whited, J.L., Lehoczky, J.A., and Tabin, C.J. (2012). Inducible

genetic system for the axolotl. Proc. Natl. Acad. Sci. USA 109,

13662–13667.

Whited, J.L., Tsai, S.L., Beier, K.T., White, J.N., Piekarski, N.,

Hanken, J., Cepko, C.L., and Tabin, C.J. (2013). Pseudotyped retro-

viruses for infecting axolotl in vivo and in vitro. Development 140,

1137–1146.

102 Stem Cell Reports j Vol. 1 j 90–103 j June 4, 2013 j ª2013 The Authors

Stem Cell Reports
Axolotl Transgenics for Inducible Gene Expression



Yakushiji, N., Yokoyama, H., and Tamura, K. (2009). Repatterning

in amphibian limb regeneration: a model for study of genetic and

epigenetic control of organ regeneration. Semin. Cell Dev. Biol. 20,

565–574.

Zappone, M.V., Galli, R., Catena, R., Meani, N., De Biasi, S., Mattei,

E., Tiveron, C., Vescovi, A.L., Lovell-Badge, R., Ottolenghi, S., et al.

(2000). Sox2 regulatory sequences direct expression of a (beta)-geo

transgene to telencephalic neural stem cells and precursors of the

mouse embryo, revealing regionalization of gene expression in

CNS stem cells. Development 127, 2367–2382.

Zhang, Y., Riesterer, C., Ayrall, A.M., Sablitzky, F., Littlewood,

T.D., and Reth, M. (1996). Inducible site-directed recombi-

nation in mouse embryonic stem cells. Nucleic Acids Res. 24,

543–548.

Stem Cell Reports j Vol. 1 j 90–103 j June 4, 2013 j ª2013 The Authors 103

Stem Cell Reports
Axolotl Transgenics for Inducible Gene Expression


