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Urodele amphibians (newts and salamanders) and anuran amphibians (frogs) are excellent research models to
reveal mechanisms of three-dimensional organ regeneration since they have exceptionally high regenerative
capacity among tetrapods. However, the difficulty in manipulating gene expression in cells in a spatially
restricted manner has so far hindered elucidation of the molecular mechanisms of organ regeneration in
amphibians. Recently, local heat shock by laser irradiation has enabled local gene induction even at the single-
cell level in teleost fishes, nematodes, fruit flies and plants. In this study, local heat shock was made with infra-
red laser irradiation (IR-LEGO) by using a gene expression inducible system in transgenic animals containing a
heat shock promoter, and gene expression was successfully induced only in the target region of two amphibian
species, Xenopus laevis and Pleurodeles waltl (a newt), at postembryonic stages. Furthermore, we induced spa-
tially restricted but wider gene expression in Xenopus laevis tadpoles and froglets by applying local heat shock
by a temperature-controlled metal probe (temperature stimulator). The local gene manipulation systems, the IR-
LEGO and the temperature stimulator, enable us to do a rigorous cell lineage trace with the combination of the
Cre-LoxP system as well as to analyze gene function in a target region or cells with less off-target effects in the
study of amphibian regeneration.

Key words: infrared laser-evoked gene operator, Pleurodeles waltl, temperature stimulator, transgenesis,
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Introduction

Among tetrapods (mammals, birds, reptiles and

amphibians), amphibians are attractive because of

their exceptionally high regenerative capacity. For

example, larval and adult newts (urodele amphibians)
have remarkable regeneration ability to restore lost

body-parts, such as limbs, lower jaw, intestine, heart,

optical tissues (lens, retina and cornea), brain and

spinal cord (Brockes 1997; Straube & Tanaka 2006;

Agata & Inoue 2012). Anuran amphibians such as

Xenopus laevis are intermediate between urodele

amphibians, which have very high regenerative capac-

ity, and amniotes, which have very little regenerative
capacity. In the case of limb regeneration, Xenopus

laevis tadpoles can completely regenerate developing

limb buds prior to the onset of metamorphosis, but

the regenerative capacity declines gradually as meta-

morphosis proceeds (Dent 1962; Muneoka et al.
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1986). After metamorphosis, a young adult frog, the
Xenopus froglet, regenerates only an unbranched carti-

laginous spike structure when its limb is amputated

(Dent 1962; reviewed in Suzuki et al. 2006). Urodele

amphibians have been widely used as excellent mod-

els to study regeneration phenomena even after devel-

opmental morphogenesis is completed. In Xenopus

laevis, an anuran amphibian, we can compare regen-

erative and non-regenerative limbs in the same spe-
cies. Similar comparison can be done in lens (Filoni

2009) or brain regeneration (Endo et al. 2007) of Xeno-

pus laevis. Such comparison enables us to determine

substantial differences between regenerative and non-

regenerative organs. Both urodele and anuran amphib-

ians have their own advantages and provide us with

the opportunity to unravel regeneration phenomena in

tetrapod vertebrates.
However, the difficulty in manipulating gene function

in larval and adult amphibians, especially urodele

amphibians, has hindered elucidation of molecular

mechanisms involved in regeneration phenomena.

Development of a transgenic (Tg) system for Xenopus

has enabled us to start manipulating regeneration in

an amphibian (Kroll & Amaya 1996; reviewed in Ogino

& Ochi 2009). A Tg system for urodele amphibians
subsequently became available (Ueda et al. 2005;

Sobkow et al. 2006; Casco-Robles et al. 2011; Haya-

shi et al. 2013). Several approaches have been tried

for reproducible analyses of gene function with trans-

genesis (e.g, Cre-lox, FLP-FRT, heat shock promoter,

tet regulatable promoter and GAL4-UAS; reviewed in

Blitz et al. 2006). For investigation of a specific gene

function in regeneration using transgenesis, we often
have difficulty in obtaining larvae or adults because the

gene of interest functionally interferes with normal

development in transgenic animals. Therefore, the

application of an inducible system is essential. Among

the available inducible systems, the heat shock pro-

moter to drive gene expression has been used most

successfully for conditional transgenesis in Xenopus

without disrupting normal development of transgenic
animals by transgene expression (Marsh-Armstrong

et al. 1999; Beck et al. 2003; Buchholz et al. 2004;

Yokoyama et al. 2007; Hayashi et al. 2014b). It is pos-

sible to induce expression of a gene under the control

of a heat shock promoter in transgenic animals at a

specific time point by a heat shock. Recently, an indu-

cible system with a heat shock promoter has been

shown to work in a urodele amphibian, the Iberian
ribbed newt (Hayashi et al. 2013). The heat shock

inducible system has also been widely used for teleost

fishes (Halloran et al. 2000; Deguchi et al. 2009; Plac-

inta et al. 2009; Sato-Maeda et al. 2006; Kimura et al.

2013; Okuyama et al. 2013.)

To induce gene expression in the heat shock inducible
system, whole-body heat shock using a water bath is

the conventional method. Whole-body heat shock has

been used in almost all of the studies in amphibians with

only a few exceptional cases (e.g, Mukaigasa et al.

2009). However, whole-body heat shock induces ubiqui-

tous overexpression in animals, and induced expression

outside the region of interest may cause unexpected

side-effects in the transgenic animals. In fact, induced
expression following heat shock sometimes increased

mortality rate (Beck et al. 2003). Furthermore, whole-

body heat shock itself may induce some side-effects or

damage in animals. If we can restrict the heat shock to

the region of interest, tissue or cell, side-effects or dam-

age in the animals could be prevented or minimized.

Such a tissue- or cell-level induction would also enable

detailed analysis of a spatially specific gene function as
well as fate tracing of a tissue or cell.

Recently, systems for tissue- or cell-level gene

induction using heat shock promoters and laser irradi-

ation have been reported in teleost fishes (Halloran

et al. 2000; Sato-Maeda et al. 2006; Deguchi et al.

2009; Placinta et al. 2009; Kimura et al. 2013;

Okuyama et al. 2013). Among them, the infrared laser-

evoked gene operator (IR-LEGO) system using an IR
laser (wavelength of 1480 nm) can achieve highly effi-

cient and reproducible gene induction even in a single

cell with minimized cellular damage (Kamei et al.

2009). This system has also been shown to be appli-

cable to Caenorhabditis elegans (Kamei et al. 2009;

Suzuki et al. 2013), Arabidopsis thaliana, medaka and

zebrafish (Deguchi et al. 2009; Kurihara et al. 2013),

and Drosophila melanogaster (Miao & Hayashi 2015).
As an example of the most successful application of

the IR-LEGO system, it enabled long-term cell labeling

for a lineage trace in medaka in combination with a

Cre-LoxP system and revealed that the trunk

exoskeleton in the teleost fish is mesodermal in origin

(Shimada et al. 2013). Besides the IR-LEGO system,

local heat treatment using a temperature-controlled

metal probe (temperature stimulator) enabled local but
wider cell labeling in combination with the Cre-LoxP

system in medaka (Kobayashi et al. 2013). These local

gene induction systems should be very useful tools to

study regeneration phenomena once they become

applicable to amphibians, allowing us to do rigorous

cell lineage tracing and to analyze gene function in the

target region or cells with less off-target effects.

In this study, we succeeded in applying the IR-LEGO
system to multiple organs of anuran (frog) and urodele

(newt) amphibian models, Xenopus laevis and Pleu-

rodeles waltl. In addition to single-cell gene induction

in the regenerating tail of the Xenopus tadpole (Haya-

shi et al. 2014a), we found, for the first time, that the
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IR-LEGO system can work in these animals. We also
found that local gene induction by a temperature

stimulator is also applicable to an amphibian. The

results suggest that a large range of local gene induc-

tion is applicable to amphibians and that long-term cell

labeling for a lineage trace in combination with the

Cre-LoxP system will be feasible in regeneration stud-

ies on amphibians in the near future.

Materials and methods

Ethical treatment of animals

The Japan domestic law (Act on Welfare and Manage-

ment of Animals) exempts study using amphibians from

requiring IRB approval. However, all of the animal

manipulations were done under appropriate anesthesia,
and all efforts were made to minimize the animals’ pain.

Preparation of animals and animal husbandry

Xenopus laevis. Wild-type (WT) Xenopus laevis adults

were purchased from domestic animal vendors. Heat-

shock-inducible Dkk1GFP F0 Tg Xenopus was

prepared as previously reported (Yokoyama et al.

2007, 2011). The tdTomato under control of the

gamma-crystallin promoter was inserted downstream

of hsp70-Dkk1GFP to select Tg individuals (Fig. 1A;

Yokoyama et al. 2011). We obtained Dkk1 F1 and F2

Tg lines by crossing sexually mature F0 and F1 male

frogs with WT female frogs, respectively. The F1 and

F2 Tg Xenopus tadpoles and froglets were used for

IR-LEGO and temperature stimulator experiments.
Similarly, the heat-shock-inducible dominant-negative

form of Tead4 (dnTead4) tagged with green fluores-

cent protein (GFP) F0 Tg Xenopus was previously

reported (Hayashi et al. 2014a). We obtained

dnTead4 F1 Tg lines by crossing sexually mature F0

male frogs with WT female frogs.

The Xenopus tadpoles were staged according to

Nieuwkoop & Faber (1994). Tadpoles and froglets
were reared at 22–23°C in dechlorinated tap water.

The rearing containers were cleaned daily, and the

tadpoles were fed powdered barley grass (Odani

Kokufun, Kouchi, Japan). At stage 58, the feeding was

ceased until metamorphosis was completed. After

metamorphosis, the froglets were fed tubifex every

other day. For experimental manipulations, tadpoles

(A) (B)

(C)

(D)

(E)

(F)

(I)

(J)

(G)

(H)

Fig. 1. Constructs for transgenesis and transgenic animals used for local gene induction. (A) Map of the heat-shock-inducible Dkk1GFP

transgene with lens labeling for Xenopus laevis. Dkk1GFP is located under control of a Xenopus laevis heat-shock promoter (hsp70). (B)

Map of the heat-shock-inducible GFP transgene for the newt Pleurodeles waltl. (C) and (D) Prior to heat shock, a X. laevis F1 tadpole at

stage 55 containing the transgene could be recognized by the tdTomato fluorescence in its lenses. However no GFP fluorescence could

be recognized in the tadpole body. (G) and (H) After whole-body heat shock, ubiquitous Dkk1GFP expression was induced in the tad-

pole body. This tadpole was photographed at 4 h after heat shock. (E) and (F) Prior to heat shock, a P. waltl F2 two-week-old larva had

no obvious GFP fluorescence but had a few background spots around the eye and tail. (I) and (J) After whole-body heat shock, ubiqui-

tous GFP expression was induced in the body. This larva was photographed 72 h after heat shock. Scale bar = 1 mm.
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and froglets were anesthetized in 0.025% ethyl-3-
aminobenzoate (Tokyo Chemical Industry, 886-86-2)

dissolved in Holtfreter’s solution. For blastema forma-

tion, the froglet forelimbs were amputated through the

distal zeugopodium with ophthalmologic scissors, and

the amputation surface was trimmed to be flat. For

whole-body heat shock, tadpoles were placed in

34°C water for 30 min, as described by Beck et al.

(2003).

Pleurodeles waltl. Wild-type Iberian ribbed newts

(Pleurodeles waltl) were originally obtained from a

domestic animal vendor. Adult and larval newts were

reared at 25°C in tap water. Animals were fed at least

five times per week with hatched blain shrimp for lar-

vae or compound feed for juvenile/adult newts. The

P. waltl newts used in this study were raised in our
laboratory (Tottori University) from the purchased

newts. The heat-shock-inducible GFP F0 newt was

prepared as previously reported (Hayashi et al. 2013).

We obtained heat-shock-inducible GFP F2 animals by
crossing a sexually mature F1 male newt with WT

female newts. For experimental manipulations, larvae

were anesthetized in 0.025% ethyl-3-aminobenzoate.

For blastema formation, the forelimbs of the larval newt

(6 weeks old) were amputated through the middle zeu-

gopodium with ophthalmologic scissors. For whole-

body heat shock, larvae were placed in 34°C water for

2 h.

IR-LEGO microscope system. We used the IR-LEGO

method to apply heat shock as previously reported

(Deguchi et al. 2009; Kamei et al. 2009). We used an

IX71 microscope (Olympus) and IR-LEGO-1000 sys-

tem (Sigma-Koki, Japan). A glass-bottom dish (Iwaki,

Japan) was coated with 2% agarose and a rectangle

slit of agarose was excised by a disposable surgical
blade (See Fig. 2A). Tadpoles were anesthetized as

described above, put in the slit for retention, and

exposed to an infrared laser on the glass-bottom dish.

(A)

(B)

(C) (F) (I)

(D) (G) (J)

(E) (H)

Fig. 2. Infrared laser irradiation (IR-LEGO) operation in Xenopus laevis. (A) Schematic diagram of IR laser irradiation to a transgenic ani-

mal. The IR laser was irradiated through the objective lens of an inverted microscope. An anesthetized Dkk1GFP F1 Tg animal is put in

the slit of agarose gel on a glass-bottom dish. The upper panels (B, E, H) show the irradiated areas marked by red circles. The middle

panels (C, F, I) are fluorescent images and the lower panels (D, G, J) are bright field images. (B) Skeletal muscles in the tail of a tadpole

at stage 54 were irradiated. (C, D) Pictures were taken 18 h after irradiation. (E) A left hindlimb bud of a tadpole at stage 54 was irradi-

ated from the dorsal side. (F, G) Pictures were taken 18 h after irradiation. (H) A forelimb blastema was irradiated from the ventral side

at 11 dpa (days post amputation). (I, J) Pictures were taken 18 h after irradiation. (C, D, F, G) Scale bar = 500 lm; (I, J) Scale

bar = 200 lm.
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The laser power was measured at a sample position
with a power meter (ORHIR VEGA with a sensor head;

10A-V2-SH, Ophir Optronics, Israel). In this study, 49,

109 and 209 objective lens were used, and other irra-

diation conditions for each tissue of Xenopus laevis

and Pleurodeles waltl are summarized in Table 1.

3D imaging

Tadpoles were anesthetized by bathing in 0.025%

ethyl 3-aminobenzoate for 5 min and mounted on 35-

mm glass-bottom dishes (Iwaki, Japan) being stuck in

the slit of 1% agarose gel, and then GFP expression

was visualized by a Nikon A1R MP laser scanning

confocal microscope (Nikon, Tokyo, Japan). The

obtained image stacks were converted into 3D images

(ImageJ 3D viewer).

Temperature stimulator. Localized heat shock was

applied using a temperature stimulator (BTC-201;

Unique Medical) according to Kobayashi et al. (2013).

The probe was 1.5 mm in diameter and its tempera-

ture could be kept constant by a thermosensor

attached to the tip of the probe. Xenopus froglets were

anesthetized and the probe was brought into contact
with the blastema of froglets. The temperature was set

at 37°C and heat treatment was continuously done for

2.5–10 min.

Immunohistochemistry. Immunostaining with anti-

GFP antibody was done according to Suzuki et al.

(2007). Specimens were fixed for 2 h at 4 °C in 4%

paraformaldehyde/phosphate-buffered saline (PBS),

decalcified overnight at 4 °C with 8% ethylenedi-
aminetetraacetic acid(EDTA)/PBS, and embedded in

O.C.T. compound (Sakura). Sections were cut at a

thickness of 10 lm by a cryostat. The primary anti-

body was rat anti-GFP (Nacalai Tesque, GF090R) at

1:1000 and the secondary antibody was Alexa 488-

conjugated anti-rat IgG (Invitrogen, A111006) at 1:500.

Sections were counterstained with DAPI to detect

nuclei, washed several times with wash buffer, and
mounted in Vectorshield (Vector Laboratories).

Results

IR-LEGO operation in Xenopus laevis

A transgenic Xenopus laevis line that expresses

Dkk1GFP under control of the X. laevis hsp70 pro-
moter (hsp70-Dkk1GFP line; Fig. 1A) was used for

in vivo local gene induction by the IR-LEGO system.

Since the GFP was fused to the C-terminus of Dkk-1,

an inhibitor Wnt/b-catenin signaling (Glinka et al.

1998; Mao et al. 2001), heat-shock-induced Dkk1GFP

expression antagonizes this signaling. However, in this

study, we used this Dkk1GFP F1 Tg line only to

examine whether the IR-LEGO and temperature stim-
ulator can be applied to an amphibian, Xenopus lae-

vis, independently of Wnt/b-catenin signaling. We

used this line just as a substitute for the Tg line that

express only GFP under control of the hsp70 pro-

moter (hsp70-GFP line). As far as we observed, locally

induced Dkk1GFP expression did not disturb normal

development, regeneration or survival of Tg animals

(data not shown).

Table 1. Conditions of infrared (IR) laser Irradiation in each Tg animals

Xenopus laevis / hsp70-Dkk1GFP

Stage Tissue Objective lens Laser power (mW) Exposure time (s) Data shown in

Tadpole Muscle (tail) UPLANSAPO 109 objective 51 1.0 Fig. 2
Hindlimb bud UPLANSAPO 109 objective 51 1.0 Fig. 2

Froglet Hindlimb bud LCPlan N based custom
made 209 objective

50–80 1.0 Fig. 4

Forelimb blastema UPLSAPO 49 objective 36 1.0 Fig. 2

Xenopus laevis / hsp70-dnTead4 (tagged with GFP) / hsp70-dnYap (tagged with GFP) / hsp70-GFP

Stage Tissue Objective lens Laser power (mW) Exposure time (s) Reference

Tadpole Regenerating
spinal cord

LCPlan N based custom
made 209 objective

32 1.0 Hayashi
et al. 2014a

Pleurodeles waltl / hsp70-GFP

Stage Tissue Objective lens Laser power (mW) Exposure time (s) Data shown in

Larva Muscle UPLANSAPO 109 objective 50 1.0 Fig. 3
Forelimb bud
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When a tadpole or a froglet of this hsp70-Dkk1GFP
F1 Tg line was heat-shocked in a whole-body man-

ner, ubiquitous GFP fluorescence was induced in the

entire individual within 2–3 h after the heat shock

(Fig. 1C,D,G,H). Therefore, we decided to try IR-

LEGO experiments in this Tg line. In the Tg line, GFP

fluorescence reached a peak one day after the

whole-body heat shock and persisted for several days

as reported previously (Yokoyama et al. 2007). Using
this Tg line tadpole (stage 54), four muscle clusters in

the tail were irradiated using an IR laser (Fig. 2B;

51.3 mW for 1.0 s). GFP was brightly detectable in

three of the four clusters 18 h after the irradiation,

while one cluster weakly expressed GFP (Fig. 2C,D).

This difference is probably because the IR laser was

attenuated by the longer distance from the bottom of

the dish to the muscle cluster that had the weak
GFP. Muscle clusters in the tail should be irradiated

in a round shape through the objective lens. However,

GFP fluorescence induced in the muscle clusters was

not circular but rectangular in shape (Fig. 2C). Since

a muscle is composed of syncytium myofibers, GFP

protein can be diffused within each thin myofiber. A

bundle(s) of myofibers containing GFP protein proba-

bly resulted in a long and narrow shape of GFP fluo-
rescence. To examine whether IR-LEGO can work in

other target organs composed of cellularized (not syn-

cytial) tissues, Tg tadpoles were irradiated in the hin-

dlimb buds. A representative tadpole is shown in

Figure 2E–G. At 18 h after irradiation, four circlular

spots showed bright GFP fluorescence in the hindlimb

bud (Fig. 2F,G). Thus, the round-shaped GFP fluores-

cence should faithfully reflect the pattern of laser irra-
diation to limb bud cells. A young metamorphosed

adult, the Xenopus froglet, can form regeneration

blastema, although the blastema regenerates only an

unbranched cartilaginous spike-like structure after limb

amputation (Dent 1962; reviewed by Suzuki et al.

2006). We amputated a froglet forelimb and used the

IR laser to irradiate five points in a formed cone-

shaped blastema (Fig. 2H). In accordance with irradia-
tion to the limb bud, the five spots showed GFP fluo-

rescence in the blastema 18 h after irradiation (Fig. 2I,

J). All of the results shown in Figure 2 indicate that

the IR-LEGO system is applicable to an amphibian,

Xenopus laevis. As in a previous study for IR-LEGO

application to medaka (Deguchi et al. 2009), we also

applied IR-LEGO to the beating heart. We irradiated

the ventricle wall with the IR laser using a power of
51.3 mW for 1.0 s as reported previously in medaka

(Deguchi et al. 2009). After 32 h, a spot of GFP fluo-

rescence induced by the IR laser irradiation could be

seen in the ventricle wall of the beating heart (Sup-

porting information movie). Irradiation conditions for

each tissue of Xenopus laevis are summarized in
Table 1.

IR-LEGO operation in the newt, Pleurodeles waltl

We then examined whether IR-LEGO can also be

applied to a urodele amphibian, the newt Pleurodeles

waltl. The newt (Pleurodeles waltl) can regenerate an

amputated limb completely throughout its life cycle as
can other urodele amphibians (Hayashi et al. 2013). A

transgenic newt (Pleurodeles waltl) line that expresses

GFP under control of the X. laevis hsp70 promoter

(hsp70-GFP line; Fig. 1B) was used for in vivo gene

induction by the IR-LEGO system. When a larva of this

hsp70-GFP F2 Tg line was heat-shocked in a whole-

body manner, ubiquitous GFP fluorescence was

induced in the entire individual within 48 h and per-
sisted for several days (Fig. 1E,F,I,J), while the induc-

tion of transgene expression was slower and weaker

than that in Xenopus laevis. The ubiquitous induction

of GFP fluorescence indicates that this transgenic

newt line is appropriate for testing IR-LEGO experi-

ments.

Using this Tg line larva, one muscle cluster in the tail

was irradiated using the IR laser (Fig. 3A). The cluster
strongly expressed GFP 16 h after irradiation (Fig. 3B,

C). Similarly, two spots in the developing forelimb bud

were irradiated (Fig. 3D). Sixteen hours later, the two

circular spots showed bright GFP fluorescence in the

forelimb bud (Fig. 3E,F). GFP fluorescence in the cen-

ter of the spots was darker than that in the periphery

of the spot (Fig. 3E), probably because cells in the

central area were damaged by excess irradiation of
the IR laser. Overall, the results indicate that IR-LEGO

can also be applied to a urodele amphibian, Pleurode-

les waltl. Irradiation conditions for each tissue of Pleu-

rodeles waltl are summarized in Table 1.

3D imaging of the gene product induced by
IR-LEGO

The recent development of a 2-photon microscope

has enabled three-dimensional intravital imaging. To

elucidate the depth to which the IR-LEGO system can

induce gene expression in target tissues, we per-

formed irradiation with the IR laser (60 mW for 1.0 s,

80 mW for 1.0 s and 50 mW for 1.0 s) to the hindlimb

bud of a Xenopus tadpole vertically from the dorsal

side and then observed the irradiated sample with a 2-
photon microscope. At 18 h after irradiation, induced

spot-shaped GFP fluorescence was observed in the

hindlimb bud (Fig. 4A,B) similar to that shown in

Fig. 2F,G under a dissecting microscope. Subse-

quently, we observed the same tadpole under a
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2-photon microscope for 3D imaging (Fig. 4C,D). The

3D image was acquired around two GFP spots

marked by an arrow and an arrowhead, respectively in

Fig. 4A,B. The 3D image along the dorsal-ventral (DV)

axis (z axis in ImageJ 3D viewer) shows that two cylin-

ders of GFP-positive cells ranged from the dorsal sur-

face to a deep layer around 180 lm in depth
(Fig. 4C). Representative images from image stacks

acquired from Figure 4C provide a sectioned view

across the DV axis (Fig. 4D). The two GFP spots, par-

ticularly the larger spot on the right side (correspond-

ing to the spot marked by an arrowhead in Fig. 4A,B),

showed ring-shaped fluorescence (Fig. 4D). This pat-

tern is probably because cells in the central area of

the irradiated spot died due to excessively strong laser
irradiation and because cells in the peripheral area sur-

vived and expressed GFP. In theory, gene expression

can be induced in target cells of a limb bud at a speci-

fic depth without causing cell death once the laser

strength is optimized. These observations with a 2-

photon microscope provide valuable information for

estimating the spatial range of the gene product

induced by the IR-LEGO system and for optimizing the

strength of laser irradiation for the induction of gene

expression with the least cell death by irradiation. To

examine whether the cell death is actually induced by

irradiation, we visualized each cell nucleus in the limb

bud by TO-PRO-3 staining 2 h, 4 h and 12 h after

irradiation (Fig. S1). After irradiation, GFP fluorescence

became brighter gradually (Fig. S1B). In contrast, red
fluorescence of TO-PRO-3 in the irradiated area was

attenuated gradually (Fig. S1D–F). Degradation of

nuclear DNA in the irradiated area was more obvious

at 4 h after irradiation (Fig. S1K) than at 2 h after irra-

diation (Fig. S1J). This observation indicates that cell

death was induced in the center area of high power IR

laser irradiation.

Temperature stimulator application in Xenopus laevis

We revealed that IR-LEGO can induce gene expres-

sion in target cells. However, it is difficult to induce

gene expression in a wider area because the laser irra-

diation is restricted to within a narrow area by the

objective lens and because stronger laser irradiation

results in death of cells in the central area of the

(A) (D)

(B) (E)

(C) (F)

Fig. 3. Infrared laser irradiation (IR-LEGO)

operation in Pleurodeles waltl. The upper

panels (A, D) show the irradiated areas

marked by red circles. The middle panels

(B, E) are fluorescent images and the

lower panels (C, F) are bright field images.

(A) Skeletal muscles in a larval newt

(2 weeks old) were irradiated. (B, C) Pic-

tures were taken 16 h after irradiation. (D)

A left forelimb bud (7 days post-amputa-

tion) of a larva (7 weeks old) was irradi-

ated from the dorsal side. (E, F) Pictures

were taken 16 h after irradiation. Scale

bar = 500 lm.
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irradiated spot as shown in Figure 4. For local but
wider induction of gene expression than that induced

by IR-LEGO, a temperature stimulator was applied to

medaka (Kobayashi et al. 2013). In this method, a

metal probe in which the temperature is controlled by

a temperature stimulator is brought into contact with

an animal for local heat shock (see Fig. 5A). In

medaka, whole-body heat shock for gene induction is

usually done at 39°C with the probe temperature set
to 42°C by the temperature stimulator (Kobayashi

et al. 2013). We simply applied this to Xenopus laevis:

whole-body heat shock is usually done at 34°C in

X. laevis, and we therefore set the temperature of the

metal probe to 37 (34+3) °C. Since the local heat

shock by temperature was done for 10 min in medaka

(Kobayashi et al. 2013), we did local heat shock in

X. laevis with the same duration for the first trial.
A forelimb of a froglet of the hsp70-Dkk1GFP F1 Tg

line was amputated. Six days after amputation, the

forelimb blastema was heat-shocked (two times in

total) by the metal probe of the temperature stimulator.

When the most distal side of a right forelimb blastema
was heat-shocked at 37°C for 10 min and subse-

quently the posterior-ventral side was heat-shocked

again at 37°C for 10 min, broad GFP fluorescence

was induced in the distal-posterior part of the blas-

tema and limb stump (Fig. 5B,C). This sample was

fixed and sectioned for immunostaining against GFP

protein. The GFP protein was found to be distributed

in the skin and underlying mesenchymal cells, espe-
cially at the ventral side, in the blastema and stump

tissues (Fig. 5D,E), indicating that transgene expres-

sion was induced both in the skin and underlying mes-

enchyme that were close to the metal probe.

We applied the temperature stimulator to the poste-

rior-dorsal side of a forelimb blastema of another frog-

let (hsp70-Dkk1GFP F1 Tg line) at 37°C for 10 min

just one time (Fig. 5F,G). With such a heat shock (one
time but at the same temperature), narrower GFP fluo-

rescence was induced in the blastema (Fig. 5F,G).

Then we reduced the heat shock duration to 2.5 min

and found that further narrower GFP fluorescence was

(A)

(C) (D)

(B)

Fig. 4. 3D imaging of a gene product induced by Infrared laser irradiation (IR-LEGO). (A) A bright field image of a left hindlimb bud of a

Dkk1GFP F2 Tg X. laevis tadpole at stage 55. This tadpole was irradiated and then photographed from the dorsal side. Irradiation was

done with 209 objective lens at 60 mW for 1.0 s (arrow), 80 mW for 1.0 s (arrowhead) and 50 mW for for 1.0 s (open arrowhead). (B) A

fluorescent (GFP) image of the same sample as that shown in (A). (C) Image stacks of 334 lm by 144 lm by 90 lm (xyz) were acquired

from the dashed square in (A) and (B) and then converted into 3D images with ImageJ 3D Viewer. (A)–(C) Pictures were taken 18 h after

irradiation. (D) Representative images from image stacks acquired in (C). The numbers in the upper left corner indicate the depth from

the dorsal surface of the hindlimb bud. Scale bar = 100 lm.
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induced in the forelimb blastema of the hsp70-

Dkk1GFP F1 Tg line froglet (data not shown). This

result indicates that heat shock for a short time

(2.5 min) can still induce transgene expression in the
Tg X. laevis. We then applied this method to a young

tadpole that had just developed a hindlimb bud (stage

50). For this experiment, we used a tadpole of the

hsp70-dnTead4 F1 Tg line (Hayashi et al. 2014b).

Since the dominant-negative form of Tead4 (dnTead4)

was tagged with GFP, we used this line to monitor the

induction of transgene expression by the temperature

stimulator as in the hsp70-Dkk1GFP F1 Tg line. When
the metal probe was brought into contact with the

dorsal side of a left hindlimb bud for 10 min, bright

GFP fluorescence was induced in the whole left hin-

dlimb bud but not in the contralateral right hindlimb

(A)

(B) (D) (F) (H)

(C) (E) (G) (I)

Fig. 5. Temperature stimulator application in Xenopus laevis. (A) Schematic diagram of temperature stimulator application to a trans-

genic animal. An anesthetized Tg animal is locally heat-shocked by the metal probe of the temperature stimulator. (B) and (C) The most

distal side of a right forelimb blastema of an hsp70-Dkk1GFP F1 Tg froglet at 6 dpa was heat-shocked at 37°C for 10 min, and the pos-

terior-ventral side of the same blastema was heat-shocked at 37°C for 10 min again and then photographed at 7 dpa from the ventral

side. (D) and (E) A section of the blastema shown in (B) and (C) was fixed at 8 dpa and stained with anti-GFP antibody (D) and DAPI (E).

(F) and (G) Posterior-dorsal side of a right forelimb blastema of an hsp70-Dkk1GFP F1 Tg froglet at 7 dpa was heat-shocked at 37 °C

for 10 min and then photographed at 8 dpa from the dorsal side. (H) and (I) A left hindlimb bud of an hsp70-dnTead4 F1 Tg tadpole at

stage 50 was heat-shocked. The upper panels (B, F, H) are fluorescent (GFP) images and the lower panels (C, G, I) are bright field

images. (B, C, F, G, H, I) Scale bar = 1 mm; (D, E) Scale bar = 100 lm. a, anterior; p, posterior; d, dorsal; v, ventral.
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bud (Fig. 5H,I). These results indicate that the temper-
ature stimulator can be applied to induce local gene

expression in an amphibian, Xenopus laevis.

Discussion

To study regeneration of a three-dimensional organ of

considerable size in amphibians, it is essential to

establish a method for manipulating gene expression
in a specific region in the organ. However, the lack of

such a method for manipulation of gene expression

has prevented us from elucidating molecular mecha-

nisms of organ regeneration in postembryonic amphib-

ians. In the present study, we demonstrated the

applicability of IR-LEGO and a temperature stimulator

for postembryonic anuran (Xenopus laevis) and urodele

(Pleurodele waltl) amphibians by using a Xenopus lae-

vis heat shock promoter. This finding will provide pow-

erful tools for gene functional analysis and cell fate

mapping.

For gene functional analysis, gene expression should

be induced only in the target area to avoid a lethal

effect that is sometimes caused by ubiquitous expres-

sion of some gene induced by whole-body heat shock

(e.g, Beck et al. 2003). Thus, the local gene induction
system IR-LEGO and local heat shock by the tempera-

ture stimulator will enable precise gene functional anal-

ysis that cannot be done by ubiquitous gene induction.

Among the two systems, IR-LEGO and local heat

shock by the temperature stimulator, one local heat

shock can be done in a much shorter period by IR-

LEGO (1 s in X. laevis and P. waltl) than by the temper-

ature stimulator (2.5–10 min in X. laevis). Induced gene
products (GFP or Dkk1GFP) are distributed in a more

restricted area with IR-LEGO [<500 lm (skeletal mus-

cle) or 200 lm (limb bud and blastema) at most in

diameter, Figs 2 and 3] than with the temperature stim-

ulator (more than 1 mm at most in diameter, Fig. 5).

Therefore, we can use IR-LEGO for precise narrow

induction of gene expression, while we can use the

temperature stimulator for wider induction of gene
expression. In theory, it should be feasible to induce

gene expression at the single-cell level in amphibians

as done in zebrafish by IR-laser irradiation (Kimura

et al. 2013) and UV/VIS-laser irradiation (Halloran et al.

2000; Sato-Maeda et al. 2006). In fact, Hayashi et al.

recently succeeded in inducing gene expression in a

single neural progenitor cell in the spinal cord of Xeno-

pus laevis tadpoles (Hayashi et al. 2014b). Such a sin-
gle-cell gene induction enables investigation of the cell-

autonomous function of the gene of interest and clonal

cell fate tracing of a single cell.

In the present study, we exclusively used the 330-bp

X. laevis hsp70 promoter sequence to drive gene

expression for transgenesis both in X. laevis and
P. waltl. The hsp70 promoter has commonly been

used for a heat-shock inducible system in Xenopus

laevis, and gene expression can be sensitively induced

by a heat shock (e.g., Marsh-Armstrong et al. 1999;

Wheeler et al. 2000; Beck et al. 2003; Buchholz et al.

2004; Yokoyama et al. 2007; Mukaigasa et al. 2009).

However, transgenic Xenopus laevis individuals con-

taining this promoter sometimes show a low level of
expression without a heat shock, especially in embry-

onic stages (unpublished observation). Since heat

shock protein genes, such as hsp70, are expressed in

the Xenopus embryo (Heikkila et al. 1997), the hsp70

promoter may be activated in embryos at a low level

without a heat shock. In contrast, transgenic P. waltl

individuals containing the X. laevis hsp70 promoter

responded to a heat shock in a less sensitive manner
since longer heat shock resulted in weaker induction

of transgene expression in P. waltl than in X. laevis

(Fig. 1). This may be due to integration of a foreign

promoter (X. laevis hsp70 promoter) into the P. waltl

genome by transgenesis and may be improved by

using a native P. waltl heat shock promoter instead of

the X. laevis hsp70 promoter. In a teleost, the endoge-

nous hsp70 promoter (Oda et al. 2010) worked well
for GFP induction in a direct driven manner (Deguchi

et al. 2009), while it caused unexpected gene expres-

sion without heat shock in the case of combination

with the Cre/loxP system. Medaka researchers then

selected an artificial heat shock promoter with a tan-

dem repeat of the heat shock elements (Bajoghli et al.

2004) for the heat shock inducible Cre/loxP system in

medaka (Nakamura et al. 2010; Kobayashi et al. 2013;
Okuyama et al. 2013; Shimada et al. 2013): best pro-

moter can be selected for the purpose of the experi-

ment according to sensitivity and less leakiness.

Further optimization of the heat shock promoter is

necessary for heat shock inducible systems in amphib-

ians for the best responsiveness and the least leaki-

ness of IR-LEGO or local heat shock by a temperature

stimulator.
IR-laser irradiation can induce transgene expression

at specific points of the limb bud precisely (Figs 2–4).
Because the GFP fluorescent spot induced by an IR

laser vertically ranges from the dorsal surface to the

ventral deep layer (to about 180 lm in depth) of a limb

bud (Fig. 4C), we could label a cluster of cells as a

cylinder shape across the dorsal-ventral axis. This label

pattern is similar to cell labelling by a fluorescent dye,
DiI or DiO injection into developing chick limb buds to

trace cell fate (e.g., Sato et al. 2007). Since a limb bud

of the Xenopus tadpole is harder than a limb bud of

the chick embryo, DiI or DiO injection into a Xenopus

limb bud is difficult. By using the IR-LEGO system,
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however, we will be able to do similar cell fate tracing
in an amphibian limb bud or limb blastema as by DiI/

DiO injection into a chick limb bud. In the present

study, transgene expression and subsequent GFP flu-

orescence were induced not permanently but tem-

porarily by heat shock. This reflects the property of

hsp promoters, which are transiently activated after

heat shock. Therefore, a GFP fluorescent spot induced

by IR-LEGO persists for up to 3–5 days after IR-laser
irradiation but diminishes gradually as the DiI/ DiO

labeling is diluted by cell proliferation and finally attenu-

ated. Recently, the development of a new anesthesia

method with peristaltic pump circulation has enabled

continuous live imaging of Xenopus laevis tadpoles for

at least 48 h (Hamilton & Henry 2014). In 48 h, for

example, recognizable morphological change can

occur in a developing limb bud of Xenopus tadpoles
(Hamilton & Henry 2014). Therefore, it should be feasi-

ble to trace cell movement in Xenopus tadpoles for

this duration by time-lapse imaging if we combine cell

labeling by IR-LEGO and this anesthesia method. On

the other hand, the shape of the GFP expression area

was only cylindrical. The reason for this was that we

used a lower magnification objective lens (209, 109

or 49) with low-N.A. If we want to induce single or
local gene expression in a deeper area, a 409 or

higher N.A. lens can realize single cell level gene

expression (Kimura et al. 2013).

If we aim at long-term cell labeling for a lineage

trace, we need to combine the IR-LEGO system with

the Cre-LoxP system. In fact, this combination enabled

long-term cell labeling and revealed the cellular origin

of the trunk endoskeleton in medaka (Shimada et al.

2013). Over the past decade, there have been many

reports showing that the Cre-LoxP system can work in

urodele amphibians [Notophthalmus viridescens (newt)

and Ambystoma mexicanum (axolotl), Sandoval-

Guzm�an et al. 2014; Whited et al. 2012] as well as in

Xenopus laevis (Satoh et al. 2005; Waldner et al.

2006; Kerney et al. 2012; Sauert et al. 2012) and

Xenopus tropicalis (Love et al. 2011). Therefore, in the
near future, it should be feasible in amphibians to label

a cell or a cluster of cells permanently by combination

of the IR-LEGO system and Cre-LoxP system

(Fig. S2).

Overall, the applicability of IR-LEGO and a tempera-

ture stimulator for amphibians opens a window for var-

ious potentialities of study: gene functional analysis

and cell fate tracing, which have so far been very diffi-
cult in postembryonic amphibians. Application of IR-

LEGO and a temperature stimulator will be very pow-

erful tools for studying regeneration of three-dimen-

sional organs that is exclusively observable in

amphibians among tetrapods.
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online version of this article at the publisher’s web-site:

Fig. S1. Disappearance of cell nuclei after IR laser irra-

diation.

Data S1. Materials and Methods.

Movie S1. Induced GFP fluorescence in the beating

heart of a Xenopus laevis tadpole irradiated with an IR

laser using a power of 51.3 mW for 1.0 s (with

109objective lens) at stage 48.

Fig. S2. Schematic illustration of the IR-LEGO system

in combination with the Cre-loxP system for long-term

cell labeling.
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