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Predation threats for a 24‑h period 
activated the extension of axons 
in the brains of Xenopus tadpoles
tsukasa Mori1*, Yoichiro Kitani1,2, Den Hatakeyama1, Kazumasa Machida1, 
Naoko Goto‑Inoue1, Satoshi Hayakawa3, naoyuki Yamamoto4, Keiko Kashiwagi5 & 
Akihiko Kashiwagi5

The threat of predation is a driving force in the evolution of animals. We have previously reported that 
Xenopus laevis enhanced their tail muscles and increased their swimming speeds in the presence of 
Japanese larval salamander predators. Herein, we investigated the induced gene expression changes 
in the brains of tadpoles under the threat of predation using 3′‑tag digital gene expression profiling. 
We found that many muscle genes were expressed after 24 h of exposure to predation. Ingenuity 
pathway analysis further showed that after 24 h of a predation threat, various signal transduction 
genes were stimulated, such as those affecting the actin cytoskeleton and CREB pathways, and 
that these might increase microtubule dynamics, axonogenesis, cognition, and memory. To verify 
the increase in microtubule dynamics, DiI was inserted through the tadpole nostrils. Extension of 
the axons was clearly observed from the nostril to the diencephalon and was significantly increased 
(P ≤ 0.0001) after 24 h of exposure to predation, compared with that of the control. The dynamic 
changes in the signal transductions appeared to bring about new connections in the neural networks, 
as suggested by the microtubule dynamics. These connections may result in improved memory and 
cognition abilities, and subsequently increase survivability.

Prey–predator interactions are one of the greatest driving forces of animal evolution, and lead to phenotypic plas-
ticity, i.e., the ability to produce different phenotypes under different environmental  conditions1–4. The phenotypic 
plasticity induced by a specific predator is obtained after numerous generations of prey–predator interactions. 
Encountering an unknown predator, due to environmental changes, might initiate an evolutionary adaptation in 
the prey, and thus reveal a new model for the initial adaptations that occur in these interactions. Furthermore, it 
may also shed light on the initial evolutionary processes that occur when adapting to a new predator, which have 
previously been poorly investigated in ecological scenarios using anuran  tadpoles5,  frogs6, and marine  bivalves7.

Tadpoles can detect predators using both visual and chemical  cues8–10 and not only modify their behavior 
to decrease predation  risk11,12, but also alter their phenotype, resulting in higher survival  rates13,14. Anuran 
tadpoles have been extensively studied as a model for phenotypic plasticity. One of their inducible changes is to 
increase both the height and length of their tails in the presence of a native predation threat, such as the dragonfly 
 larvae10,15,16. Japanese predators such as the larval salamander Hynobius lichenatus, have also been found to elicit 
a predation threat response in X. laevis tadpoles, resulting in significant enhancements to their tail muscles and 
decreases in their relative ventral fin heights, leading to significantly higher than average swimming  speeds17. 
In this investigation, as the tadpoles were directly preyed upon by the predators, they may be responding to 
salamander kairomones, visual cues, or conspecific alarm cues released by the damaged tadpoles.

Predation stress causes an increase in the concentration of corticosterone in tadpoles by activating the neu-
roendocrine stress  axis18. This indicates that tadpole adaptations against predator involves brain functions, as 
has previously been reported for other  mammals19,20. Furthermore, tadpoles have adopted various avoidance 
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strategies to decrease their predation risks (as described above), like modifications to their central nervous sys-
tems. At present, there have only been a few previous reports regarding the changes to the brain transcriptome, 
as a consequence of predation  threats21–25. However, it is difficult to fully understand the changes to the brain 
from the expression patterns of only a few genes. Therefore, we have also investigated the changes in the signal 
transduction pathways of the whole brain, using the transcriptome. Research into the survival adaptations in 
evolutionary scenarios against unfamiliar predators, using signal transduction analysis in the brain, has not 
previously been widely conducted.

X. laevis tadpoles alter their morphology and behavior to decrease their risk of predation from unfamiliar 
Japanese predators. During the initial period of the predation threat from Japanese larval salamanders, the 
tadpoles were found to move away from the predator and become motionless, however this avoidance behavior 
decreased if the predation threat went on for a period of 10 days. We have postulated that these changes might 
be associated with alterations in the signal transduction pathways of their brains. In this study we aimed to 
investigate two problems: first, which signal transduction pathways are altered in the X. laevis tadpole brains 
immediately after acute and chronic predation exposures, and in a post exposure period; and, second, if the 
adaptations in response to the predation threat occurred over short periods of time, as signal transduction 
pathways are known to be directly involved with such adaptations.

Results
Identification of genes expressed in the brain using 3′‑tag digital gene expression profil‑
ing. In this experiment, four experimental conditions and an unexposed control were set up as shown in 
Fig. 1, and the genes expressed in the tadpole brains after ten days were profiled. Approximately 22 to 25 million 
tags were read, and 41 to 43 thousand different types were hit by the Xenopus blast X. The top 15 genes expressed 
in the brain owing to the predation threat, in comparison with the control, are listed in Fig. 2. These genes were 
selected as the number of their expressed tags was greater than 1,000, which indicates that they predict major 
physiological reactions in the brain. 

In the 6-h treatment group, cytochrome P450, the most up-regulated gene, a protein prion, and a non-N-
methyl-D-aspartate (NMDA) glutamate gene (which encodes a kainate receptor), had higher expression levels 
than in the control (Fig. 2). In the 24-h treatment group, a calcium ATPase gene (ATPase,  Ca2+ transporting, 
cardiac muscle, slow twitch 2) showed an over tenfold higher expression level than in the control. Surprisingly, 
most of the expressed genes in the brain after the 24-h predation exposure were muscle-related, such as actin, 
troponin, and myosin. They showed increased expression compared to the control, and their highest expression 
levels were about 8 times greater than those of the control. These muscle-related genes were downregulated in the 
6-h group but increased in the 5-day-out group. In the 10-day group, the hypoxia-inducible factor gene showed 
the largest increase (over sixfold) in expression, and it also increased with the time of the exposure, from 6 h to 
10 days. In the 5-day-out group, the hypoxia-inducible factor gene fell to the level of expression seen in the 6-h 
group. Gene expression profiles in the 5-day-out group showed similar tendencies to those of the 6-h group; the 
gene with the highest expression was actin.

Pathway analysis of genes expressed in the brain after the threat of predation. To understand 
the dynamism in the brains of the tadpoles that were faced with the predation threat, their signal transduction 
systems were analyzed. In total, 1996 genes were subjected to an IPA pathway analysis using the corresponding 
zebrafish genes and their signal transduction patterns were analyzed. Signal transduction pathways showing 
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Figure 1.  Experimental design for inducing predation in Xenopus tadpoles. Xenopus tadpoles were assigned 
to 5 different treatment groups. The control group (Cont) was not exposed to the salamander predator during 
the experiment (10 days). Tadpoles in the 6 h and 24 h groups were exposed to a salamander larva for 6 or 
24 h before sampling, respectively. The 10-day group was exposed to a salamander larva for 10 full days, while 
the 5-days out group was exposed to a salamander larva for 5 days, to induce the predation threat, then the 
salamander was removed, and the tadpoles were kept for a further 5 days without the predation threat.
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8.09 2.05 0.81 6.48
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6.42 1.40 1.09 1.96
6.31 1.84 0.88 1.59
6.31 1.84 0.89 1.59
6.29 1.84 0.89 1.58
6.17 1.86 0.90 1.57
5.97 1.69 0.62 2.89
5.45 2.07 1.08 1.66
5.36 0.93 0.28 1.88
5.21 2.34 0.80 1.11

Accession No Species Gene name
BC060328.1 L Cytochrome P450, family 2, subfamily C, polypeptide 8, gene 1
BC053798.1 L Ribosomal protein L28
BC094089.1 L Prion protein
BC074664.1 T Rho GDP dissociation inhibitor alpha
BC166114.1 T Prion protein
BC073126.1 L Rho GDP dissociation inhibitor alpha
BC106273.1 L Ribosomal protein S16
BC059739.1 T Adenine nucleotide translocase
CR848233.2 T Adenine nucleotide translocase
AF231347.1 L Adenine nucleotide translocase
BC043821.1 L Adenine nucleotide translocase
CR761797.2 T Alpha-1,2-glucosyltransferase 10
BC167380.1 T Sestrin
BC123100.1 T Phosphodiesterase 4B
X93492.1 L Non-NMDA glutamate receptor

6 h 24 h 10 d 5 dOut
0.61 1.83 6.53 0.62
0.61 1.84 6.52 0.62
0.61 1.87 6.52 0.62
0.61 1.87 6.52 0.62
0.61 1.84 6.50 0.62
0.62 1.85 6.46 0.63
0.62 1.83 6.41 0.62
0.62 1.83 6.41 0.62
0.60 1.77 6.00 0.62
0.80 1.80 5.99 0.79
0.63 1.76 5.97 0.61
0.62 1.76 5.97 0.61
0.68 1.80 5.88 0.71
0.65 1.79 5.82 0.68
0.61 1.74 5.81 0.60

Accession No Species Gene name
AY262066.1 L Hypoxia-inducible factor 1
CR926332.1 T Hydroxysteroid dehydrogenase
BC161301.1 T Hypothetical protein
XM_002934556.1 T Hypothetical protein
BC064722.1 T RNA polymerase II
XM_002933350.1 T G-protein coupled receptor 35
BC076969.1 T Rhomboid
BC171264.1 T Focadhesin
AF215838.1 L Developmental regulator
BC167695.1 T Dystrophin-associated glycoprotein
AY262067.1 L Hypoxia-inducible factor 1
AY262065.1 L Hypoxia-inducible factor 1
BC073312.1 L Palmitoyltransferase
AB189477.1 L Erythropoietin receptor
AY262064.1 L Hypoxia-inducible factor 1

6 h 24 h 10 d 5 dOut
3.59 4.57 0.30 10.07
4.12 7.43 1.51 9.23
8.09 2.05 0.81 6.48
4.92 1.60 1.28 5.01
4.14 1.55 0.55 4.98
3.78 1.30 0.79 4.93
3.57 1.31 0.75 4.54
3.59 1.27 0.66 4.51
3.87 1.42 0.68 4.27
3.38 1.24 0.60 4.15
3.95 1.25 0.59 4.14
3.24 0.60 0.37 4.13
3.80 1.35 0.67 4.09
3.82 1.43 0.58 4.07
4.50 1.55 1.13 4.00

Accession No Species Gene name
BC041197.1 L Actin alpha1
BC042249.1 L Creatine kinase
BC094089.1 L Prion protein
BC136073.1 T Transcription factor 4
BC136193.1 T Dipeptidyl-peptidase 6
BC084321.1 L YTH domain containing 1
BC121366.1 T 14-3-3 protein family
BC067912.1 T SERPINE 1 mRNA binding protein
BC064203.1 L Tropomyosin 3
BC046574.1 L SERPINE 1 mRNA binding protein
BC080952.1 L Tropomyosin 3
BC073305.1 L Ribosomal protein L21
CR848222.2 L Tropomyosin 3
BC043980.1 L Tropomyosin 3
BC083028.1 L Hypothetical protein
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1.06 10.74 2.05 3.09
0.63 7.86 0.98 1.77
0.61 7.82 0.98 1.80
0.74 7.65 0.96 1.90
4.12 7.43 1.51 9.23
1.15 6.62 0.59 1.93
0.71 6.06 1.02 2.01
0.70 5.98 0.99 2.01
0.41 5.87 1.22 1.19
0.41 5.86 1.21 1.19
1.10 5.01 0.57 3.57
0.47 4.11 1.02 0.99
0.46 4.03 0.97 0.98
2.42 3.51 2.23 0.69
2.40 3.49 2.23 0.68

Accession No Species Gene name
BC044063.1 L Calcium ATPase
BC075427.1 T Actin alpha 1
BC041199.1 L Actin alpha 1
BC072097.1 L Actin alpha 1
BC042249.1 L Creatine kinase
AY114144.1 L Fast troponin T
BC084183.1 T Parvalbumin
BC041508.1 L Parvalbumin
BC041503.1 L Myosin light chain
BC061602.1 T Myosin light chain
L38596.1 L Myosin light chain
AF480427.1 L Fast troponin I
BC084508.1 T Troponin I
BC089717.1 T Hypothetical protein
BC098510.1 T RAS oncogene fammily

1

Figure 2.  Heat map using 3′-tag digital gene expression profiles from Xenopus laevis whole brain tissues. Gene 
expression profiling was performed using the top 15 genes that were expressed by over 1,000 tags from each of 
the experimental groups described in Fig. 1. The numbers on the heat map indicate the total number of tags 
expressed for each gene in the experimental and control groups. Accession No: gene number obtained from the 
NCBI database. Species: “L” indicates Xenopus laevis, and “T” indicates Xenopus tropicalis. The heat map colors 
and numbers indicate the fold changes in gene expression compared with that of the control.
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up- or downregulated expression patterns were determined from their z-scores (Fig. 3a; all signal transduction 
pathways that were altered are shown in Supplementary Table 1). The top 10 up- and downregulated genes are 
listed in Supplementary Table 2 and were determined from the signal transduction pathway analysis with IPA. 
These data included the expression of genes with less than 1,000 tags, and the most expressed genes, which were 
different from those given in Fig. 2. However, similar patterns of change in the gene names in the Supplementary 
Table 2 and signal transduction pathways were observed in both the 6 h and 5-day-out groups (Fig. 3a). Many of 
the genes involved in these pathways, such as EIF2 and corticotrophin releasing hormone, were downregulated 
in both the 6 h and 5-day-out treatments. By contrast, only 11 signal transduction genes, such as HIPPO, ILK, 
RhoGDI, eIF4, p70S6K, and Huntington’s disease, were upregulated in both the 6-h and 5-day-out treatments. 
However, this was not the case for the mTOR, ATM, cell cycle, or remodeling of epithelial adherens junction sign-
aling genes (Supplementary Table 1). Various signal transduction pathways, such as those for the actin cytoskel-
eton and CREB signaling, were increased with the 24-h treatment (Fig. 3a). Upregulation of actin cytoskeleton 
signaling induced the expression of various muscle related genes as described earlier (Fig. 3b). However, many 
of these upregulated signal transduction pathways were downregulated in the 10-day treatment, and only four 
signaling pathways (EIF2, IGF-I, AMPK, and EGF signaling) were upregulated after 10 days of treatment (See 
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Figure 3.  Ingenuity pathway analysis (IPA) of the expressed genes induced in the Xenopus laevis whole brain 
by the threat of predation. Heat map of the altered signal transduction pathways in each treatment group. 
The number of expressed genes after 6 h (6 h of exposure to a predation threat) were divided by those of the 
Cont (no exposure to a predation threat) and used to predict the altered signal transduction pathways. 24 h 
(24 h exposure to a predation threat), 10 days (10 days exposure to a predation threat), and 5 days out (5 days 
exposure to a predation threat, followed by five days of no threat) also indicate the altered signal transduction 
pathways compared with that of the Cont, respectively. (a) Heat map of the genes expressed in the actin 
cytoskeleton signaling. Genes involved in actin cytoskeleton signaling were obtained from the IPA, and the 
levels of expressed genes in each treatment group were compared with that of the Cont. Panels surrounded 
by the black rectangles, indicate the degree of actin cytoskeleton signaling from (a). The gene symbols and 
corresponding Entrez Gene Names in (b) are given in Supplementary Table 4. (b) Disease and function 
predicted by the analysis of the total signal transduction pathways. The prediction was performed by IPA using 
the expressed genes compared with those of the control. The displayed diseases and functions are restricted to 
the top 29 results.
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Supplementary Table 1). Selected diseases and functions were also predicted to vary among the treatment groups 
(Fig. 3c; predicted diseases and functions are shown in Supplementary Table 3). Increases in organismal death, 
morbidity or mortality, growth failure, and apoptosis and apoptosis of neurons, were predicted for the 6-h group.

In contrast, increased expression was predicted in the 24-h group for the organization of the cytoskeleton, 
microtubule dynamics, proliferation of neuronal cells, and axonogenesis. In the 10-day group, apoptosis, move-
ment disorders, ubiquitination, and various cancer related events were predicted to increase (Fig. 3c and Sup-
plementary Table 3). The 5-day-out group showed changes to various disease related events, despite the removal 
of the predator before sampling; this effect is reminiscent of Post Traumatic Stress Disorder (PTSD).

Prediction of changes in downstream signal transduction pathways. Various signal transduc-
tion pathways showed changes after 24 h of the predation stress (Fig. 3a); two of the most affected downstream 
pathways were those for the actin cytoskeleton and CREB signaling. Actin cytoskeleton signaling, actin polym-
erization, focal adhesion assembly, and cytoskeleton reorganization, were all increased in the 24-h group and 
the network of expressed genes indicated the upregulation of microtubule dynamics (Fig. 4). The predictions 
indicated the downregulation of the microtubule dynamics in the 6-h and 5-day-out groups; no changes or slight 
increases were observed in the 10-day group. In total, 108 of the 242 genes involved in the microtubule dynamics 
showed changes in their expression patterns, consistent with the increased microtubule dynamics in the 24-h 
group (Fig. 5). CREB signaling is highly involved with memory and cognition and was upregulated in the 24-h 
group, but downregulated in the 6-h, 10 day, and 5-day-out groups (Fig. 6).

Figure 4.  Ingenuity pathway analysis (IPA) of actin cytoskeleton signaling in the Xenopus laevis whole brain 
after exposure to the predatory salamander larva, Hynobius lichenatus. Actin cytoskeleton signaling after 24 h 
of predation (24 h group). The microtubule dynamics shown in the boxes labeled Ex6hr (after 6 h of predation), 
Ex10days (after 10 h of predation), and Ex5days-Out (after 5 days of predation, followed by 5 days with no 
predation) in the top right corner, were predicted from the actin cytoskeleton signaling. The microtubule 
dynamics in Ex24hr were predicted to be up regulated in the signal transduction map. Blue indicates 
downregulation and orange indicates upregulation of the microtubule dynamics, compared with the control. 
The predictions were performed using two statistical measures, an overlapping p‐value, and an activation 
z-score, that were computed for each potential transcriptional regulator. This figure was created using Ingenuity 
pathway analysis (IPA) version 2.1, QIAGEN; (https ://www.qiage nbioi nform atics .com/produ cts/ingen uityp 
athwa y-analy sis).

https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis
https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis
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In situ‑hybridization. Coronal sections were cut from the tadpoles (Fig. 7a; the red rectangle indicates the 
brain used in this experiment) and Fig. 7b shows the magnified image of the brain and the brain regions used 
in these experiments. The quality of RNA preservation was checked by in situ hybridization using a selection of 
key genes from each predator treatment in the 3′-tag digital gene expression profiling experiment. An anti-sense 
probe for the non-NMDA glutamate receptor (kainate receptor) gave a strong signal in relatively broad areas 
of the telencephalon, and a weak signal in the metencephalon of the tadpoles from the 6-h treatment group 
(Fig. 7c). In contrast, no signals were obtained in these regions when the adjacent sections from the same tadpole 
were examined with a sense-RNA probe. Control tadpoles showed very weak signals in the telencephalon and 
somewhat stronger signals in the metencephalon, compared to the 6-h group, using the anti-sense RNA probe 
for the kainite receptor (Fig. 7c). Signal intensities of the sense RNA probe in the telencephalon, diencephalon, 
and metencephalon were far weaker in the control tadpoles than with the anti-sense probe, and they showed 
different staining patterns.

In the 24-h group, a myosin anti-sense RNA probe was used to detect muscle related genes expressed in the 
brain and hybridized to the dorsal pallium shown in Fig. 7d, ①, which corresponds to the mammalian isocor-
tex. In the diencephalon, clear signals were obtained in a ventral region of the posterior commissure (Fig. 7d, 
②), which may correspond to the subcommissural organ. Signals were also recognized in the thalamus and 
hypothalamus in the diencephalon (see Fig. 7d, ③ and ④, respectively), whereas no signals were found in the 

Figure 5.  All genes involved in the microtubule dynamics in Xenopus laevis, as determined by RNA-seq 
after 24 h of exposure to a predation threat from the larval salamander Hynobius lichenatus (24 h group), in 
comparison to the control which was not exposed to a predation threat. The black rectangle indicates the 
microtubule dynamics. This figure was created using Ingenuity pathway analysis (IPA) version 2.1, QIAGEN; 
(https ://www.qiage nbioi nform atics .com/produ cts/ingen uityp athwa y-analy sis).

https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis
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corresponding regions of the controls. Therefore, myosin gene expression differed between the 24-h group and 
the controls (Fig. 7d).

In the tadpoles that received the 10-day treatments, an anti-sense Hif1α probe showed clear signals in the 
region of the telencephalon, which eventually forms the medial, dorsal, and lateral pallia (Fig. 7e), while only 
weak signals were observed in the controls. An anti-sense erythropoietin receptor probe showed clear signals in 
the dorsal part of the thalamus (Fig. 7f), and the signal intensities were stronger than those in the controls. No 
signals were observed with Hif1α and the erythropoietin receptor sense probes.

In the 5-day-out group, a serpin 1 mRNA binding protein (SERBP1) anti-sense probe gave a strong signal in 
the telencephalon and weak signals in the diencephalon and metencephalon (Fig. 7g); weaker signals were found 

Figure 6.  CREB signaling in the Xenopus laevis whole brain after exposure to 24 h of a predation threat from 
the larval salamander, Hynobius lichenatus. Changes in the memory and cognition pathways were predicted 
using the Ingenuity pathway analysis and compared to the controls (not exposed to predation) for the expressed 
genes in each treatment group. The degree of memory and cognition for Ex6hr (exposed to predation for 6 h), 
Ex10days (exposed to predation for 10 days), and Ex 5 days-Out (exposed to predation for 5 days, and then 
5 days without), are shown in the right-hand side panels.



8

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:11737  | https://doi.org/10.1038/s41598-020-67975-7

www.nature.com/scientificreports/



9

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:11737  | https://doi.org/10.1038/s41598-020-67975-7

www.nature.com/scientificreports/

in the controls. Interestingly, the sense probe hybridized to the mesencephalon and metencephalon. However, 
the signal intensities and patterns differed from those obtained with the anti-sense probe.

Evaluation of microtubule dynamics using DiI. To evaluate how the activation of the actin cytoskel-
eton signaling affected the microtubule dynamics in the tadpoles exposed to 24 h of predation, DiI was inserted 
into the nostrils of the tadpoles and the axon extensions in the tadpole brains examined (Fig. 8). DiI was diffused 
in the neuron, and the ratio of the length against telencephalon was significantly increased (P ≤ 0.0001) (Fig. 8a). 
The pattern of extension in the neural axons of the tadpoles exposed to the predation threat (Fig. 8c) was like 
that in the other samples, and the stained area of the olfactory bulb increased, compared to that of the control. 
The extension of the axon was directed towards the diencephalon (Fig. 8d).

Discussion
The gene expression profile of the tadpole brain (Fig. 2) is extremely useful when deducing the response of a 
tadpole to an unknown predator. After 6 h of exposure to the predation threat, the cytochrome P450 enzymes 
(CYPs) showed approximately 23-fold greater expression, compared with that of the controls. These enzymes are 
part of a well-known superfamily of hemeproteins, functioning as the terminal oxidases of drug metabolizing 
enzymes, i.e. enzymes that catalyze the biotransformation of drugs and xenobiotics, and are involved with the 
metabolism of endogenous compounds that generate damaging toxic metabolites and cause oxygen  stress26. CYPs 
have tissue specific expression, and metabolize compounds acting as drugs neurotoxins, neurotransmitters, and 
neurosteroids in the  brain27–29. Furthermore, the processes of the CYPs produce oxidants as  byproducts30. This 
means that tadpole brains perform detoxification, and this corresponds with the observed result that the greatest 
increase in organismal death was after 6 h of exposure to the predation stress (Fig. 3c).

Figure 7.  In situ-hybridization in the Xenopus lavies brain, using probes for selected genes. Xenopus laevis 
tadpoles sampled from Ex 6 hr (6 h exposure to predation), Ex 24 hr (24 h exposure to predations), Ex 10 days 
(10 days exposure to predation), and Ex 5 days-Out (5 days exposure to predation and then five days without) 
were used for in situ-hybridization using selected genes. (a) The red rectangle indicates the region of the brain 
used in this experiment. (b) Magnified image of the brain and the names of the brain regions. Tc, Dc, Ms, and 
Mt indicate the telencephalon, diencephalon, mesencephalon, and metencephalon, respectively. Antisense and 
sense probes were hybridized to the brain. In situ-hybridization results using anti-sense and sense probe for 
non-NMDA glutamate receptor (c), myosin light chain (d), hypoxia-inducible factor 1 alpha (e), erythropoietin 
receptor (f), and serpin 1 mRNA binding protein 1 (g). ① corresponds to the mammalian isocortex; ② 
indicates a ventral region of the posterior commissure, which may correspond to the subcommissural organ; ③ 
and ④ indicate the thalamus and hypothalamus in the diencephalon, respectively.
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Figure 8.  Extension of the axons in the brains of Xenopus laevis tadpoles exposed to the Japanese predatory 
larval salamanders, Hynobius lichenatus for 24 h. (a) Ratio of the extended axons per telencephalon compared 
with the control (Cont.; not exposed to Japanese predators) was calculated as b/a (a: length of telencephalon; b: 
length of the extended axons) in the brain. Statistical analysis (t-test) on the data were performed with SPSS. (b) 
Tadpoles not exposed to a predator (c) Tadpoles exposed to Japanese predator for 24 h. (d) Schematic profile of 
a tadpole’s brain stained by DiI.
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These predictions are supported by the results showing a greater expression of prions in the tadpoles brain, 
as prions are also known to be responses to oxidative  stress31 or  apoptosis32. These reactive oxygen species (ROS) 
and the resulting oxidative stresses, play an important role in  apoptosis33. At the same time, important tissues 
and cells must be protected from the generated ROS. Adenine nucleotide translocase (ANT) is the protein in 
the mitochondrial  membrane34, and overexpression of the enzyme compensates impaired ANT activity under 
oxygen-restricted conditions. Increases of ANT reduces ROS production and oxidative stress, stabilizes mito-
chondrial integrity, and increases  survival35. Phosphodiesterase 4B is a marker of alcohol-induced peripheral 
endotoxemia mediated neuro-inflammation36, and is involved with inflammatory responses in the brain through 
inflammasomes, such as caspase-137. Expression of caspase 1 in the 6-h treatment group (tag counts: 1,600) was 
about two times greater than in that of the control (tag counts: 834). This indicates that the shock of the preda-
tion threat for the initial 6 h, resulted in oxidative stress, inflammatory responses, and apoptosis in the tadpole 
brain. Furthermore, synaptic long-term potentiation signaling was downregulated in the 6-h group, although 
mTOR signaling was upregulated (Fig. 3a). mTOR is a central integrator of various signaling pathways, such as 
different forms of synaptic plasticity and long-term memory formation, and mediates the consolidation of fear 
 memories38–40. The consolidation of fear memories is required for the elevation of phosphorylated downstream 
targets of mTOR (p70s6k and 4E-BPs) in the hippocampus, amygdala, and prefrontal  cortex41. However, mTOR 
was upregulated, regardless of the downregulation of the synaptic plasticity (Fig. 3c) or synaptic long-term poten-
tiation (Fig. 3a). This contradiction may suggest that the consolidation of fear memories occurs in a limited area 
of the brain after 6 h, whereas plasticity of the synapses (Fig. 3c), which are involved in memory consolidation, 
did not occur at this time, as indicated by the up- and downregulated genes after 6 h of exposure.

Eukaryotic initiation factor 2 (eIF2) is a master regulator of protein synthesis and plays a major role in protein 
translation initiation. eIF2α phosphorylation is induced by several stress conditions and reduces protein synthe-
sis while allowing preferential translation of some  mRNAs42. As described above, various signal transduction 
pathways might be downregulated following the inhibition of protein synthesis due to the downregulation of 
eIF2 after 6 h of predation exposure.

However, after 24 h of exposure to the Japanese predator, dynamic changes to the signal transduction pathways 
evidently occurred in the brain for survival. We focused our attention on muscle-related gene expression, such 
as that of actin and myosin (Fig. 2), which are part of the actin cytoskeleton signaling network (Fig. 3b and Sup-
plementary Table 4). Actin is one of the most abundant proteins in neurons, and filamentous actin forms bundles 
and networks that are components of the actin cytoskeleton. Microtubules form important cytoskeletal structures 
to maintain neuronal polarity, regulate neuronal morphology, and transport scaffold signaling  molecules43.

Within a neuronal cell, microtubules have variable lengths and can be both stable and dynamic structures, 
that can quickly adapt to changes in the  environment43,44. The stability of microtubules is necessary for axon 
formation, for maintaining the identity of axons, and for regulating the dynamics of dendritic  spines45,46; they 
are regulated by GTPases of the Rho  family47. As shown in Fig. 3a, the Rho family GTPase and actin cytoskeleton 
signaling were upregulated; therefore, after 24 h of exposure to a predator, increased microtubule dynamics 
stimulated neurite growth, axonogenesis, and the development of neurons.

The prediction of microtubule dynamics by the activation of actin cytoskeleton signaling, was evaluated 
directly with the insertion of DiI in the tadpole nostril after 24 h of exposure to predation (Fig. 8). The stained 
area of the olfactory bulb of the tadpoles exposed to the predation threat (Fig. 8c) seemed to spread, when 
compared to that of the control (Fig. 8b). This may be related to the expression results of the myosin mRNA, as 
the probe for microtubule dynamics. It was detected in the dorsal pallium (Fig. 7d), and the lateral, medial, and 
dorsal pallia of fish that have been proposed to be homologous to the mammalian olfactory (piriform) cortex, 
hippocampus, and isocortex,  respectively48. The presumed medial and lateral pallial homologues in fish are 
functionally different and are necessary for spatial learning and emotional memory,  respectively49. The dorsal 
pallium has been implicated in trace avoidance conditioning but not in non-trace avoidance conditioning in 
fish; the dorsal pallium is principally related to short-term memory  processes48. Therefore, tadpoles may try to 
increase trace avoidance and short-term memory processes. In mammals, there are some reports that aversive 
stimuli alter the olfactory  bulb50. Olfactory sensory neurons are the first cells in the olfactory system, and axon 
projection happened within the olfactory bulbs when mice physically encountered odor molecules in their 
 noses51. However, there are no reports showing axon extension in the olfactory bulb, or in the telencephalon, 
after only a short period of prey-predator interactions.

In this report, it was clearly observed that axon projections were from the olfactory bulb to the diencephalon 
(Fig. 8a, c). As shown in the myosin RNA that was identified in the presumed subcommissural organ, a periven-
tricular organ whose functions remain unknown, the myosin RNA expressions were also found in the thalamus 
that relays sensory information to the  telencephalon52,53 and in the hypothalamus, which is involved in endocrine 
control and autonomic  functions54. These results may also indicate that tadpoles try to connect axons to the 
thalamus and hypothalamus to change hormonal conditions during a 24-h predation threat. This might relate to 
the 3.67- and 2.34-times greater expression of growth hormone 1 and prolactin mRNA, respectively, compared 
with the control at 24 h. These data also indicate that tadpoles highly respond to salamander kairomones and 
conspecific alarm cues released by the damaged tadpoles.

Furthermore, ephrin receptor signaling was upregulated in tadpoles exposed to a predator for 24 h. The 
Eph receptors and their ephrin ligands are key conserved regulators of axon  guidance55. Here, we predicted 
the upregulation of Erk1/2 with IPA analysis (it was up regulated only at 24 h) downstream of the Eph receptor 
signaling (Fig. 3a), which suggested the upregulation of axon guidance, as has been reported  previously56. The 
upregulation of ephrin B signaling was also present in the 24-h treatment group (Fig. 3a). The functions of the 
ephrin B receptor are not limited to the control of the actin cytoskeleton in dendritic spines, as shown by ephrin 
receptor signaling, but are also involved in the formation of functional synaptic specializations through the 
regulation of protein transport by glutamate  receptors57. There is an interesting report that shows that reducing 
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EphB2 synthesis in the infralimbic cortex accelerates fear extinction learning in adolescent  rats58. In our data, 
both EphB and EphB receptors, were upregulated after exposure to a predator for 6 h; however, they were pro-
gressively downregulated after 24 h and 10 days of exposure. These results indicate that the tadpole fear response 
was initiated after 6 h in the presence of the predator, and that fear extinction occurred with increased time in 
its presence.

CREB signaling in neurons was also upregulated after 24 h of predation (Fig. 3). CREB is a transcription factor 
and is activated by phosphorylation in response to external  stimuli59. Numerous reports indicate that CREB-
dependent gene expression is essential for long-term memory, cognition, and plasticity in the nervous system. 
However, in the 6-h group, CREB and its basal transcriptional machinery, such as TBP (TATA box binding pro-
tein), TFIIB (general transcriptional factor IIB), CBP (CREB binding protein), and p300 (E1A binding protein 
p300), were downregulated. Interestingly, TFIIB was upregulated in the 10-day group, suggesting a difference 
in the memory and cognition between the 6 h and 10-day groups (Fig. 6).

A higher expression level of the non-NMDA glutamate receptor (kainate glutamate receptor) gene was 
detected using the RNA-seq and in situ hybridization and showed that it was present around the dorsal pallium 
of the tadpoles after exposure to a predator for 6 h (Fig. 7c). Ionotropic glutamate receptors are known to be 
involved in synaptic transmissions in the brain, and are classified into three types: NMDA, α-amino-3-hydroxyl-
5-methyl-4-isoxazole- propionate (AMPA), and kainate; the latter two receptors are included in the non-NMDA 
glutamate  receptor60. This gene is involved in glutamate receptor signaling which mediates neuron depolariza-
tion, synaptic plasticity, long-term potentiation, and learning though CREB. We found that the kainate types 
of the glutamate receptors were upregulated in the 6 h and 24-h groups, and that the NMDA receptor was also 
upregulated in the latter. The AMPA receptor is a glutamate-gated cation channel that mediates fast excitatory 
neurotransmission and synaptic plasticity; we found that GRIK (glutamate receptor, ionotropic, kainate) was 
up-regulated faster than GRIA (glutamate receptor ionotropic AMPA glutamate receptor) in the 6 h  group61. 
However, all these receptors were downregulated in the 10-day group. Upregulation of the kainate receptor in 
the 6 h group might indicate initial preparations for the synapse elongation that enhances short-term memory 
 processes48.

In the 10-day group, exposure to the continual predation threat for this period might have induced the 
greatest response, as expression of the hypoxia-inducible factor 1 and erythropoietin receptor gene were at their 
highest (Fig. 2). Hypoxia-inducible factors mediate cell transcription responses to  hypoxia62. Hypoxia-inducible 
factor 1 is increased in cells exposed to low oxygen and binds to the promoter of the erythropoietin  gene63. Our 
results therefore suggest that the tadpoles suffered oxygen deficiency during the 10 days of predation stress, 
which caused the increased production of erythrocytes, owing to chronic stress. The deficiency of oxygen may 
be related to changes in the tadpole behavior, such as the decreased avoidance response to the larval salamanders 
after exposure to the predation threat for 10 days.

Thus, in the initial 24 h, the tadpoles exposed to the unfamiliar Japanese predators stimulated various signal 
transductions, by synthesizing various proteins to search for the best way to survive. This strategy requires a great 
energy input from the tadpole, when generally, saving energy in desperate situations to improve the chances of 
survival, is the priority for animals. In these experiments, Xenopus tadpoles searched various signal transduc-
tion mechanisms, to find a suitable defense against an unfamiliar Japanese predator in a short period of time, 
at the expense of a great amount of energy. Therefore, they changed their brain neural networks through the 
activation of microtubule dynamics, which predicted increases of memory and cognition by stimulating the 
CREB signaling pathways. However, the 5-day-out group showed defects in cellular function, such as neural 
tube defects, neonatal death, and growth failure, like the effects observed with PTSD after exposure to a preda-
tor. Analysis of the dynamic changes in signal transductions and diseases and function using IPA in the tadpole 
brain after experiencing fear stress, will be valuable to better understand the effects of stress in both humans 
and experimental animals.

Materials and methods
Experimental animals and design. Larval Hynobius lichenatus salamanders were purchased from a 
commercial dealer (Toshin Co. Tsukuba, Japan), reared in aquaria (25 L), and fed Tubifex ad libitum until they 
were ~ 4  cm in body length. Xenopus laevis tadpoles (J strain, Stage 51) were purchased from a commercial 
dealer (Watanabe Zoushyoku, Hyougo, Japan) and fed boiled and pureed green peas (2 g) every two days dur-
ing the experimental period. The tap water used was first treated with activated charcoal (Tsurumi Coal. Yoko-
hama, Japan) for 24 h. The experiment was conducted in a laboratory at 20 °C, using a natural day/night regime 
(~ 14/10 h). The experiments were performed using aquaria (2.5 L; 25 × 10 cm surface area; 10 cm height), con-
taining treated tap water (2 L). Fifty similarly sized tadpoles were chosen randomly from a holding tank (20 L) 
and placed in each aquarium. The water in all aquaria was changed every second day throughout the experiment.

Four experimental conditions and an unexposed control were set up: the predator treatments were for 6 h, 
24 h, or 10 days followed by examination, or for 5 days but examined 5 days after the end of the treatment (5-day-
out). There were three replicate aquaria for each treatment group. For the 10 day and 5-day-out groups, there 
were 6 backup aquaria. All treatment groups were initiated at the same time and maintained for 10 days. The 
larval salamanders were introduced into the aquariums at the appropriate times, prior to sampling the tadpoles 
(Fig. 1). All treatment groups were sampled at the end of day 10. During the experiment, to maintain the tadpole 
population density in the predator treatment groups, the salamanders were replaced daily with randomly selected 
individuals from a holding tank that contained a readily available supply of T. tubifex. Since the survival of the 
tadpoles was crucial for this experiment, we tried to maintain a survival rate of more than 70% by changing the 
salamanders. We counted the number of surviving tadpoles in each aquarium daily. For the 10 day and 5-day-out 
groups, any loss of tadpoles to predation and moribund tadpoles were compensated for by using replacement 
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tadpoles from a backup aquarium, chosen arbitrarily, to maintain a minimum of 50 tadpoles per aquarium in 
each treatment, to eliminate any possible density effect on the results. The weight of the tadpoles is shown in 
Supplementary Table 5.

RNA extraction and 3′‑tag digital gene expression profiling for RNA‑seq. Ten tadpoles were col-
lected from each aquarium (therefore, 30 tadpoles per treatment group) and used for RNA sequencing (RNA-
seq). The head part of the tadpoles was cut and placed in tubes containing RNAlater (Qiagen) and stored over-
night at 4 °C. Brain tissues were dissected under the microscope, and only brain tissues were kept at − 80 °C 
until used for RNA extraction. Total RNA was purified from each sample using an RNeasy Midi Kit according 
to the manufacturer’s protocol. The quality of total RNA was determined by measuring the A260/A280 absorb-
ance ratio (between 1.7 and 2.1). Further, the clear band of 18S and 28S ribosomal RNA were checked by using 
RNA gel electrophoresis, and the RNA showing ribosomal RNA bands ratio was 1:2 were further processed 
for the RNA-seq. Total RNAs (10 μg) from brain tissues collected from tadpoles in each of the five treatment 
groups were used to construct libraries for Illumina sequencing using 3′-region tags, according to the protocol 
described for the Digital Gene Expression-NlaIII Sample Preparation Kit (Illumina, San Diego, CA). Oligo-dT 
magnetic beads were used for mRNA purification from total RNA, and the first-strand cDNA was synthesized 
using reverse transcriptase. Then, second-strand cDNA was produced using DNA polymerase and RNaseH and 
obtained double-stranded cDNAs. They were treated with the NlaIII restriction enzyme, which recognizes the 
CATG site, and thus sequences of the CATG site remained in the 3′-regions in the cDNA library connected with 
beads. The sequences of the 3′-regions were ligated to adapter 1, and then digested with EcoP15I from beads. 
By digested with EcoP15I, fragments of 22 to 24 bp cDNA were obtained because the EcoP15I restriction site 
is 5′-CAG CAG (N)25–3′. These cDNA fragments purified from beads were ligated to adapter 2, and amplified 
only cDNA ligated to both adapter 1 and 2 by PCR using NEBNext Mutiplex Oligos for Illumina (E7335, New 
England Biolabs, Ipswich, MA). Further, the PCR products of approximately 85 bp were purified on a PAGE gel 
and used as libraries. The detail structures of adaptor and primer sequences are given in Supplementary Table 6. 
Sequence of cDNA was performed using an Illumina GA IIx sequencer. In this analysis, we obtained 38 bp reads 
from one lane per sample (InfoBio, Tokyo, Japan). The sequence data was deposited in DDBJ BioProject database 
(PRJDB8548). After the sequence, the NlaIII site (CATG) was added to the 5′ end of the cDNA, and removed 6 
or more nucleotides at the 3′ end of the adapter 2 from the reads. The analysis is in line with a previously pub-
lished  methodology64. Except that this study utilized ExoP15I as the enzyme for cutting off tags instead of MmeI 
which was used in the previous study. The gene tags with a length of 26 to 28 nucleotides were applied for gene 
expression analysis. The gene tags were aligned with a reference gene sequence for Xenopus tropicalis from the 
National Center for Biotechnology Information (https ://www.ncbi.nlm.nih.gov/nucco re) using BLAST 2.2.23. 
Gene expression levels were determined similarly to the previous  method64.

Pathway analysis of genes selected by IPA analysis. An Ingenuity Pathway Analysis (IPA, Qiagen) 
was used to identify functional networks of genes expressed in the brain because of predation stress. To perform 
the IPA analysis, gene IDs obtained from the Xenopus species database were changed to IDs corresponding to 
zebrafish genes using BioMart (https ://www.bioma rt.org/). For Xenopus genes that did not identify an ID from 
the zebrafish database, the genes with the greatest similarity in the latter database were found using tblastx. 
Gene expression ratio to the control using Tag from RNA-Seq was calculated as:  log2(Tag countSAMPLE + 1) 
−  log2(Tag countCONTROL + 1). IDs were consolidated using the expression value set as “average” and the 
measurement for resolving duplicates set as “Ex Log Ratio”. A total of 2,821 IDs were obtained, and 2,053 were 
mapped and signal transduction pathways were identified using IPA with 1,966 genes (eliminated duplicated 
genes). The activation z‐score is used to infer likely activation states of the upstream regulators based on a com-
parison with a model that assigns random regulation directions (see manual of Ingenuity Upstream Regulator 
Analysis in IPA). These computational analyses were performed using version IPA 2000-2016 QIAGEN.

In situ hybridization. Tadpoles were embedded in an Optimal cutting temperature compound (O.C.T) 
each embedded tadpole was soaked in dry-iced n-hexane, and then 5  μm sections were cut using a Leica 
CM1950 cryostat (Leica). The sections were attached to Kawamoto method  film65, and then treated with 4% 
paraformaldehyde. After proteinase K treatments, in situ hybridization was carried out using the DIG system 
(Nacalai Tesque), as described  previously66.

Microtubule dynamics with DiI. The larval salamander H. lichenatus could not be sourced at the time 
this experiment was conducted, so instead, Hynobius retardatus, a salamander of the same species, was used. 
Eggs of H. retardatus were collected from a pond in Hokkaido, Japan, and reared until the  experiment67. The 
experimental design that was described previously to examine the 24-h predation threat and control, was used 
again, and then the tadpoles were fixed with 4% paraformaldehyde and stored at 4 °C, prior to injection with DiI 
(1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate). Three mg of DiI (Aldrich chemistry) were 
dissolved in DMSO (400 µL), and the pigment was taken up by capillary action. The same amount of dissolved 
DiI was injected into the left nostril using capillary glass by Femtojet 4i (Eppendorf, Hamburg, Germany). The 
injection conditions were as follows: pressure, 20 hPa; time, 0.20 s; maintenance pressure, 5 hPa. After injecting 
the DiI, the nostril was covered with melted gelatin (8% with water w/v) and incubated at 35 °C for 7 days with 
2% paraformaldehyde, under dark conditions. Each capillary glass was used only once for each sample, to inject 
the constant volume of DiI. After incubation, the brain was carefully removed under a stereomicroscope (Leica 
MZ16) and observed, using constant conditions, by confocal microscopy (Olympus). Pictures were obtained 

https://www.ncbi.nlm.nih.gov/nuccore
https://www.biomart.org/
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from compressed Z-stack images, analyzed with Image-J (https ://image j.nih.gov/ij/), and then statistical tests 
(t-test) were conducted with SPSS.

Ethic approval and consent for participation. All animal experiments were conducted by trained per-
sonnel in accordance with the guidelines of the Animal Care Committee, Nihon University. Ethical approval for 
the use of animals was given by the University of Nagoya Research Ethics Committee (#2012041301).

Data availability
The sequence data are available under accession number of the DDBJ BioProject database (PRJDB8548).
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