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The Mechanism of Newt Regeneration

1. Why can newts regenerate?

Newts are amphibians, and they can regenerate limbs, tails, parts of the heart, and even the
retina of the eye.

Humans can heal small wounds, but we cannot regrow a whole arm or leg. Why are newts able to
do this?

2. Steps of regeneration

When a newt’s limb is lost, the following steps occur:

1. Closing the wound
Skin cells quickly cover the wound to protect it from infection.

2. Formation of a blastema
Cells from muscles, bones, and other tissues “reset” and return to an undifferentiated state.
These cells gather to form a small mass called a blastema.

3. Differentiation and growth
Cells in the blastema begin to specialize into muscles, bones, and nerves, gradually
building a new limb.

4. Regrown limb
Over weeks to months, the lost limb is almost perfectly restored.

3. Factors that support regeneration

e Nerves
Nerve signals release substances that help blastema cells grow.
« Genes

Developmental genes (like the Hox genes) are reactivated during regeneration and
determine which part is formed.

e Immune cells
Macrophages and other immune cells clear away damaged tissue and support the
rebuilding process.
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4. Can humans do the same?

Humans cannot regenerate entire limbs like newts.

However, studies on newts show how cells can reset, proliferate, and redifferentiate.

This knowledge is important for regenerative medicine, which aims to repair or replace damaged
human organs and tissues in the future.

Summary

« Newts are amazing animals that can regenerate complex body parts.

« Regeneration proceeds in four steps: wound closure — blastema formation —
differentiation and growth — completion.

e Nerves, genes, and immune cells are all important.

e Insights from newts are inspiring new advances in regenerative medicine.

The Mechanism of
Newt Regeneration

Blastema

Closing of Formation of Regenerated
Loss of limb wound the blastema limb
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Review & Introduction
HAL lab, Axolotl: Exploring the World of Axolotls

2025/8/13. Haruka Sugiyama (Ph.D, Principal Investigator).

HAL lab, Axolotl is an independent research initiative dedicated to studying Axolotls (Mexican
salamanders) in a flexible, community-driven environment. Unlike traditional university or government-
affiliated labs, HAL lab, Axolotl operates as a nonprofit-style organization, allowing researchers and
enthusiasts to pursue their curiosity freely.

Mission and Vision
Led by Dr. Haruka Sugiyama, a biologist with a Ph.D. in life sciences, HAL lab, Axolotl aims to uncover the

secrets of axolotls’ extraordinary regenerative abilities, unique growth patterns, and ecological traits. The lab
also promotes conservation awareness for this endangered species. By blending scientific rigor with hands-on

observation, HAL lab, Axolotl seeks to make the study of axolotls both accessible and engaging.

Research Focus
The lab focuses on several key areas:
¢ Regeneration biology: Investigating how axolotls regenerate limbs, spinal cords, and other tissues.
e Growth and development: Examining their metamorphosis, growth rates, and environmental factors
that influence their biology.
e Behavior and ecology: Observing natural behaviors and environmental adaptations in controlled
conditions.

Structure and Community
With a small but dedicated team of about 10 members, HAL lab, Axolotl combines the expertise of
professional scientists and enthusiastic hobbyists. The lab operates from a home-based facility, equipped to
support axolotl care, experiments, and long-term observation.

Qoee
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Public Engagement
HAL lab, Axolotl actively shares knowledge with the broader community through social media platforms like X

(formerly Twitter), providing insights on axolotl care, health, and developmental stages. Posts often include
tips on recognizing growth patterns, maintaining water quality, and monitoring physiological changes—making

the science behind these fascinating creatures accessible to all.

Why HAL lab, Axolotl Matters

HAL lab, Axolotl exemplifies how small, independent research initiatives can complement traditional academia.
By focusing on a single, charismatic model organism, the lab contributes to our understanding of regeneration,

development, and conservation biology—while inspiring curiosity in the next generation of scientists.

HAL lab, Axolotl — Research Publications (Representative 4 Articles / Books)

1. Comprehensive Overview of HAL Lab's Axolotl Research (2025)
e Published: 2025
¢ Summary: This document provides a detailed summary of the research activities conducted by HAL lab,
Axolotl, highlighting key studies and findings in the field of axolotl biology and regeneration.

2. Glycometabolism and Sulfur Respiration in the Axolotl, Ambystoma mexicanum
¢ Published: November 2024
¢ Conference: 95th Annual Meeting of the Zoological Society of Japan, Nagasaki
e Summary: This study investigates the unique metabolic pathways of axolotls, focusing on their
carbohydrate metabolism and sulfur respiration. The findings contribute to understanding the metabolic

adaptations of axolotls in their natural habitat.

3. The Axolotl Research Letters vol. 4.0
e Published: January 2024
e Summary: This research report compares various axolotl strains and closely related species, focusing
on phenotypic differences and physiological adaptations. The study provides insights into the genetic

and environmental factors influencing axolotl traits.

4. Study on the Phenotypic Differences Between Axolotl Strains and Related Species
e Published: January 2024
¢ Summary: This study examines the phenotypic variations among different axolotl strains and closely

related species, providing insights into their ecological and physiological adaptations.
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ResearchGate: https://www.researchqgate.net/profile/Sugiyama-Haruka

Contact: sugiyama.haruka.axolti@gmail.com
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To save the Mexican Salamander

O#IEM (HEK, Y4379 /02—, NILIK), Bl & (NILSR), RENR (LS
R), FEN. =ZXKF (VLI HR), BREREER (P2 722300 5R), HREPHA (WNILIR), H
FTHIE (NILTR), FEREAKE (WNLZRT7—L4)

Haruka Sugiyama, Yoshichika Yokoe, Kazuaki Hagiwara, F.N. Santako, Ryuki Tatsuoka, Ya!min
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Considerations on swimming ability and survival strategies of arctic amphibians.
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Abstract

In mammals, the Na*/Ca?* exchanger (NCX1/SLC8A1), Na*/H* exchanger (NHE1/SLC9A1), L-type Ca?" channel
(CaV1.2/CACNA1C), and T-type Ca?* channel (CaV3.2/CACNA1H) are widely recognized as critical for
cardiomyocyte differentiation, maturation, and regenerative responses. In contrast, there are relatively few
comprehensive reviews systematically examining the involvement of these molecules in differentiation in highly
regenerative urodeles (Ambystoma mexicanum and Notophthalmus viridescens) and model anurans (Xenopus).
In this review, we integrate literature from gene expression, functional assays, pharmacological interventions,
and phenotypic analyses in regenerating animals to highlight: (i) the expression of Ca?* channels and the
establishment of cardiac function in Xenopus embryonic hearts, (ii) the essential role of early Ca?* signals during
Xenopus tail and body axis regeneration, (iii) the processes of myocardial remodeling and the conservation of
Ca?" handling mechanisms during salamander and axolotl heart regeneration, and (iv) evidence for functional
expression of NCX and NHE in amphibians.

We conclude that in amphibians, the expression and functional activity of Ca?* influx channels (especially
CaV1.2 and CaV3.2) and ion exchangers (NCX, NHE) temporally coincide with cardiomyocyte differentiation,
maturation, and regeneration. In Xenopus, both direct and pharmacological causal relationships have been
demonstrated. However, studies directly manipulating these molecules to assess effects on heart regeneration in

urodeles remain limited, representing an important area for future investigation.
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Background

The key to cardiomyocyte fate determination, differentiation, and maturation lies in spatiotemporal regulation of
Ca?" handling via the sarcolemma and sarcoplasmic reticulum. In mammalian hearts, CaV1.2 (L-type) and
CaV3.2 (T-type) channels initiate excitation—contraction coupling, NCX1 serves as the primary Ca?" extrusion
mechanism, and NHE1 indirectly modulates Ca%* dynamics via pH and Na* homeostasis. Amphibians,
combining experimental accessibility (Xenopus) and organ regenerative capacity (urodeles), provide an ideal
system for examining the conservation of calcium-dependent differentiation. Xenopus embryonic hearts allow
optical observation of cardiac development, and interventions via electrophysiology or pharmacology are readily

feasible.

Integration of Evidence

1. Ca*" Channel Expression and Cardiac Function in Xenopus Embryos

o Expression of CaV1.2 (CACNA1C) and CaV3.2 (CACNA1H) has been identified in embryonic tissues
including the heart, temporally corresponding to the establishment of cardiac function.

e Pharmacological inhibition of L-type channels, e.g., with nifedipine, induces severe developmental
defects, supporting the essential role of Ca?* influx during embryogenesis.

e Xenopus serves as a robust model for studying heart development and congenital cardiac defects due to
the optical accessibility of heartbeat formation (~72 hours) and feasibility of pharmacological/genetic
interventions.

2. Early Ca** Signals During Regeneration

¢ In Xenopus tail regeneration, spontaneous Ca?* activity occurs within hours after injury and is essential
for driving the regenerative program, in coordination with membrane potential and proton pump/ion
transporter activity. This highlights the conserved role of Ca?*-dependent gene regulation in both
development and regeneration.

3. Heart Regeneration and Conservation of Ca** Handling in Urodeles

e Salamander heart regeneration involves cardiomyocyte proliferation and transient ECM remodeling, with
recovery of function around 70 days post-ventricular resection. Re-activation of Ca?* handling genes
similar to those in mature cardiomyocytes has been reported; however, causal experiments directly
targeting CaV1.2/3.2, NCX, or NHE to suppress differentiation remain limited.

¢ In axolotls, studies specifically manipulating cardiac Ca®* channels are scarce, but evidence from limb
and body regeneration suggests voltage-dependent Ca?* influx and TRP channel modulation are critical
in early regenerative stages, supporting the general necessity of Ca?*.

4. Evidence for NCX and NHE Function in Amphibians

e Endogenous NCX activity has been demonstrated in Xenopus oocytes, forming functional microdomains
with IP; receptors to regulate Ca?* dynamics.

e The core principles of NCX-mediated Ca?* extrusion, established in mammals, appear conserved in
amphibian hearts.

e NHE (Na*/H* exchangers) are known to influence Ca** handling via pH and Na* homeostasis. In
Xenopus, NHE function and ion transport play roles in both developmental and regenerative processes,

supporting their relevance as candidate mechanisms.
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Hypothetical Model
e Development (Xenopus): Upregulation of CaV1.2/CaV3.2 during cardiomyocyte progenitor and early
beating stages — Ca?* influx — transcriptional control (e.g., MEF2, GATA4) — sarcomere assembly and
excitation—contraction coupling. Concurrently, NCX1-mediated Ca?* extrusion buffers intracellular Ca?".
¢ Regeneration (Urodeles): During cardiomyocyte dedifferentiation and redifferentiation, Ca?*-dependent
gene programs are reactivated. Rewiring of Ca?* influx channels and NCX/NHE coordinates

differentiation and maturation. Direct manipulations remain a topic for future investigation.

Research Gaps and Proposals

1. Causal experiments in urodele heart regeneration: Stage-specific manipulation of
CaV1.2/CaV3.2/NCX1/NHE1 via CRISPR, morpholinos, or selective inhibitors, coupled with
simultaneous assessment of cardiomyocyte markers (tnnt2, myh6), sarcomere reassembly, and Ca**
transients.

2. Single-cell transcriptomics x Ca?* imaging: Temporal clustering of Ca%* handling gene modules in
regenerating hearts.

3. Longitudinal analysis of mechano-electric coupling: Live tracking of ECM remodeling and Ca?* channel

redistribution in tissue slices to link structural and functional recovery.

Conclusion

¢ In Xenopus, cardiac expression of CaV1.2/CaV3.2 and pharmacological evidence support the essential
role of Ca?* influx for cardiomyocyte differentiation and functional establishment.

e Heart regeneration in salamanders and axolotls involves cardiomyocyte proliferation and tissue
remodeling, with strong indications of reactivation of Ca?* handling machinery, although direct causal
evidence for specific transporters remains limited.

e NCX and NHE are functional in amphibian cells and likely constitute a conserved core of Ca** regulation

in both development and regeneration.
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Contribution of Ca** to Cardiomyocyte Differentiation in Axolotls

In axolotls, we assessed the efficiency of cardiomyocyte differentiation and found that rearing in brackish water
slightly enhanced differentiation efficiency. In contrast, conditions with Ca?* channel inhibition markedly
suppressed differentiation. These results further indicate that the intake of minerals, including Ca?*, promotes

growth and development in axolotls (Supplementary Fig. 1).
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Results of Analysis Commissioned to an External Institution

Supplementary Figure 1:
Cardiomyocyte differentiation of axolotls under Ca?** and Ca* -inhibited conditions
— If you need detail translation of each words in ENG, please check the next page.
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Figure Titles
o TiRAO— MILOEHBIEMAE DML — Purification of Axolotl Cardiomyocyte Progenitor Cells
o LEHBIEMIEZD invivo DMENEE Ca?* OB (day60) — In vivo Differentiation Efficiency of Cardiomyocyte

Progenitor Cells and Relationship with Ca?* (day 60)

Axis Labels
e mRNA (Ratio) — mRNA Expression (Ratio) (Y-axis)
e N=10/N=50— Number of Samples (N = 10 / N = 50) (if needed as a footnote)

Legends
Top-left figure
o ffifkml (vxL2) — Before Purification (Bulk)
o filift1% — After Purification
e J%ifif2 — Remaining Cells
Other figures (Ca** concentration / channel inhibition)
o Bk xfEBEE — Soft Water Control
e Bk Cav1.2 BHEAI (50 uM) — Soft Water + Cav1.2 Inhibitor (50 uM)
e Bk Cav3 PEZEH) (25 uM) — Soft Water + Cav3 Inhibitor (25 uM)
e YL vy X (Ca? +0.05%) xf#8Ef — Contrex (Ca?* £0.05%) Control
e YL vy X (Ca? +0.05%) Cav1.2 BEEHI (50 uM) — Contrex (Ca?* +0.05%) + Cav1.2 Inhibitor (50 uM)
e YL vy X (Ca? +0.05%) Cavd BEEH (25 uM) — Contrex (Ca?* +0.05%) + Cav3 Inhibitor (25 pM)
e Ca* 0.05% Xx1i8# — Ca*" 0.05% Control
e Ca? 0.05% Cav1.2 BEEA (50 uM) — Ca?* 0.05% + Cav1.2 Inhibitor (50 pM)
e Ca? 0.05% Cav3 FEEH (25 uM) — Ca?* 0.05% + Cav3 Inhibitor (25 uM)
o Ca*0.1% X{f8# — Ca> 0.1% Control
e Ca* 0.1% Cav1.2 FAEHI (50 uM) — Ca?* 0.1% + Cav1.2 Inhibitor (50 pM)
e Ca* 0.1% Cav3 BEEA (25 uM) — Ca?* 0.1% + Cav3 Inhibitor (25 pM)
e Ca* 0.15% X1f8# — Ca*" 0.15% Control
e Ca? 0.15% Cav1.2 BEEA (50 uM) — Ca?* 0.15% + Cav1.2 Inhibitor (50 pM)
e Ca? 0.15% Cav3 [EEHA (25 uM) — Ca?* 0.15% + Cav3 Inhibitor (25 puM)
o Ca* 0.2% X{f8# — Ca>' 0.2% Control
e Ca? 0.2% Cav1.2 FAEHI (50 uM) — Ca?* 0.2% + Cav1.2 Inhibitor (50 pM)
e Ca? 0.2% Cav3 BEEA (25 uM) — Ca?* 0.2% + Cav3 Inhibitor (25 pM)
e Ca* 0.3% x{#8#& — Ca> 0.3% Control
e Ca? 0.3% Cav1.2 BAEH| (50 uM) — Ca?* 0.3% + Cav1.2 Inhibitor (50 uM)
e Ca? 0.3% Cav3 BEEA (25 uM) — Ca?* 0.3% + Cav3 Inhibitor (25 pM)
o Ca* 0.4% xi88%& — Ca> 0.4% Control
e Ca? 0.4% Cav1.2 BAEH| (50 uM) — Ca?* 0.4% + Cav1.2 Inhibitor (50 uM)
e Ca? 0.4% Cav3 BEEA (25 uM) — Ca?* 0.4% + Cav3 Inhibitor (25 pM)
e Ca* 0.5% *{#8%& — Ca?' 0.5% Control
e Ca? 0.5% Cav1.2 BAHEH] (50 uM) — Ca?* 0.5% + Cav1.2 Inhibitor (50 uM)
e Ca? 0.5% Cav3 BEEA (25 uM) — Ca?* 0.5% + Cav3 Inhibitor (25 pM)
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Water Types and Mineral Content

Minami Alps Natural
Water<br>(Hardness:
30.0mg/L, pH8.8—
9.4,<br>Total dissolved
solids: ~0.003%)

Crystal Average Tap Water (China
Geyser<br>(Hardness: Region)<br>(Hardness: 67.9 +
38.0mg/L, pH7.6,<br>Total 9.3mg/L, pH7.4 £ 0.1,<br>Total
dissolved solids: ~0.004%) dissolved solids: ~0.007%)

Na: 4.0-10.0mg/L Na: 11.3mg/L Na: 16.7 £ 5.9mg/L
Soft K:~0.1mg/L K: 1.3mg/L K:2.4 +0.5mg/L
Water Mg: 1.0-4.0mg/L Mg: 6.1mg/L Mg: 3.7 £ 1.6mg/L
Ca: 6.0-15.0mg/L Ca: 6.4mg/L Ca: 13.3 £ 3.5mg/L
Evian<br>(Hardness: Vittel<br>(Hardness: Contrex<br>(Hardness:

304.0mg/L, pH7.8,<br>Total 315.0mg/L, pH7.8,<br>Total 1468.0mg/L, pH7.3,<br>Total
dissolved solids: ~0.03%) dissolved solids: ~0.03%) dissolved solids: ~0.15%)

Na: 7.0mg/L Na: 7.3mg/L Na: 9.4mg/L
Hard K: Not listed K: 1.4mg/L K: 2.8mg/L
Water Mg: 26.0mg/L Mg: 19.0mg/L Mg: 74.5mg/L
Ca: 80.0mg/L Ca: 94.0mg/L Ca: 468.0mg/L
Seto Inland Sea Salt Seto Inland Sea Salt Seto Inland Sea Brine
Used<br>(pH6.8-7.4, Salt Used<br>(pH6.8-7.4, Salt Used<br>(pH6.8-7.4, Salt
concentration: ~0.15%) concentration: ~0.3%) concentration: 1.0%)
Salt/Brine Na: 1500.0mg/L Na: 3000.0mg/L Na: 10.0g/L
Water + Composition of added + Composition of added + Composition of added
water water water

[Water Hardness and Quality]

There are various definitions, but the following are general global standards.

Water Hardness = Amount of Magnesium (Mg) + Calcium (Ca)

(+ Sometimes includes Potassium (K), though rarely)

Sodium (Na) is not included.

Calculation Formula:

Hardness (mg/L) = Ca concentration (mg/L) x 2.497 + Mg concentration (mg/L) x 4.118

The value is an indicator that converts the amount of calcium and magnesium in 1L of water into
equivalent calcium carbonate (CaCO;) weight.
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Definitions Related to Na (Sodium) Concentration in Water

<Water Salinity (Substances dissolved in water such as salt and minerals, does not equate
to hardness)>

« Freshwater: Salinity less than 0.05%

« Slightly saline water (brackish or marginal): Salinity about 0.05-0.1%

« Brackish water: Salinity about 0.1-0.2% (can be up to 0.5%)

« Salt water (seawater level): Salinity ~3.0-3.5%

« Concentrated brine water: Salinity 1.0-3.5%

« High-concentration brine water (used for pickling, seawater level, etc.): Salinity more than

3.5%

WHO Drinking Water Hardness Guidelines
o Soft Water: Hardness less than 60mg/L
e Moderately Hard Water: Hardness 60—120mg/L
« Hard Water: Hardness 120-180mg/L (0.012—-0.018%)
e Very Hard Water: Hardness over 180mg/L (0.018%)

cocoflE SHICOLTIE. ABELECRLT, SPIR0 52 00 1882 Bhhbl SR THUET, iy
TR | SRS A IR Y. — SV R GRS EE. TOEEMRLILET. | R
- ab.axolo




References

e Burgess AM, Vere DW. Teratogenic effects of some calcium channel blocking agents in Xenopus
embryos. Pharmacol Toxicol. 1989;64(1):78-82.

e Cutie S, Huang GN. Vertebrate cardiac regeneration: evolutionary and developmental perspectives. Cell
Regeneration. 2021;10:19.

e Hempel A, Kiihl M. A Matter of the Heart: The African Clawed Frog Xenopus as a Model for Studying
Vertebrate Cardiogenesis and Congenital Heart Defects. J Cardiovasc Dev Dis. 2016;3(2):21.

e Lewis RS, et al. Voltage-gated calcium channel a1 subunits in Xenopus development. Dev Dyn.
2009;238(11):2836-2849.

e Paudel S, et al. Calcium Signaling in Vertebrate Development and Its Role in Disease. Front Mol Biosci.
2018;5:61.

e Piatkowski T, Mihlfeld C, Borchardt T, Braun T. Reconstitution of the Myocardium in Regenerating Newt
Hearts |s Preceded and Possibly Directed by Transient Deposition of ECM Components. Stem Cells
Dev. 2013;22(14):1921-1934.

e Scranton KJ, et al. Modulation of the Cardiac Na*-Ca?* Exchanger by Cytoplasmic Protons: A
Mechanistic Review. Front Physiol. 2019;10:728.

e Solis-Garrido LM, Pintado AJ, Andrés-Mateos E, et al. Cross-talk between native plasmalemmal
Na*/Ca?* exchanger and InsP;-sensitive Ca?* internal store in Xenopus laevis oocytes. J Biol Chem.
2004;279(50):52414-52424.

e Warkman AS, Krieg PA. Xenopus as a model system for vertebrate heart development. Semin Cell Dev
Biol. 2007;18(1):46-53.

¢ [Reference (Recent Structural Biology of NCX)] Xue J, et al. Structural mechanisms of the human
cardiac sodium—calcium exchanger. Nat Commun. 2023;14:6343.

e [Reference (Comparative Heart Development Review)] Kolker SJ, et al. The Morphology of Heart
Development in Xenopus laevis. Dev Dyn. 2000;218(4):612—625.

o Cabinet Office, Japan. Bioethics and Biosafety Committee, Science and Technology Policy Bureau.
“Materials on Regenerative Medicine and Life Sciences” 43rd Meeting, Material 3-4. 2020.

https://www8.cao.go.jp/cstp/tyousakai/life/haihu43/siryo3-4.pdf

e Kunio Ishii. Clinical Pharmacological Studies of the Calcium Channel Blocker Nifedipine. J Jpn Soc Clin
Pharmacol Ther. 2015;46(1):30-36.
https://www.jstage.jst.go.jp/article/jscpt/46/1/46 30/ pdf/-char/ja

e Pharmaceutical Society of Japan. Voltage-dependent Calcium Channels and Drug Discovery. Yakugaku
Zasshi. 2020;140(10):1381-1394.
https://www.jstage.jst.go.jp/article/yakushi/140/10/140_20-00138/ pdf/-char/ja

e Wikipedia. Voltage-dependent calcium channel.
https://ja.wikipedia.org/wiki/ BN FE DIV T LF v )L

e Minerva Clinic. Calcium Channel — Glossary of Genetic Terms.

https://minerva-clinic.or.jp/academic/terminololgyofmedicalgenetics/kagyou/calcium-channel/

e Nieuwkoop, P.D., Faber, J. Normal Table of Xenopus laevis (Daudin). Developmental Biology Online
Resource, University of Texas.

https://w3.biosci.utexas.edu/experimentalembryology/stagedseries.html

DO80 S ERILCONTIT, ML SBICRLT, SPIRD S 2 OO 1882 Bhobr SR THUET, iy
TR | SRS A IR Y. — SV R GRS EE. TOEEMRLILET. | R
A ab.axolo



https://www8.cao.go.jp/cstp/tyousakai/life/haihu43/siryo3-4.pdf
https://www.jstage.jst.go.jp/article/jscpt/46/1/46_30/_pdf/-char/ja
https://www.jstage.jst.go.jp/article/yakushi/140/10/140_20-00138/_pdf/-char/ja
https://minerva-clinic.or.jp/academic/terminololgyofmedicalgenetics/kagyou/calcium-channel/
https://w3.biosci.utexas.edu/experimentalembryology/stagedseries.html

Note:
Among the references listed above, the following were used as primary sources for this paper:
e Expression of CaV1.2 / CaV3.2 in Xenopus embryonic heart (Lewis 2009)
e Functional expression of endogenous NCX (Solis-Garrido 2004)
e Myocardial reconstruction during newt heart regeneration (Piatkowski 2013)
e Heart development modeling using Xenopus (Hempel & Kihl 2016; Warkman & Krieg 2007)
¢ Role of Ca?* signaling in development and regeneration (Paudel 2018)
The essential role of NCX1 in cardiac function in mammals is referenced for comparison (Scranton 2019, Xue
2023).

Supplement (Terminology)
¢ In this paper, the term NHX follows the animal biology convention and refers to NHE (Na*/H* exchanger;
SLC9A family). This is conceptually distinct from the vacuolar-type NHX in plants.

Supplementary Figure 1 — Notes
e FCM analysis (KDR*/PDGFRa*): 3,000 cells counted.
e [Cells from the presumptive heart region of 30 pre-hatching tadpoles (with cloudy eyes, recently
deceased and stiffened) were transplanted into the abdominal cavity of other pre-hatching tadpoles.]
% This procedure was conducted as part of support for an axolotl line known to experience cardiac

dysfunction (under preparation for publication).
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Review: Adipose Tissue and Lipid Metabolism in Amphibians
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1. Fat bodies in amphibians
. Like mammals, amphibians use fat as an energy reserve, but their morphology
IS unique.
. Arepresentative structure is the fat bodies, located near the kidneys and
gonads.
« Roles:
o Energy supply during starvation periods such as hibernation or fasting
o Providing energy for reproduction (egg and sperm formation)
o Storage of vitamins and fat-soluble substances
. Notably, fat bodies shrink during the breeding season, as stored lipids are
mobilized for reproduction.

2. Characteristics of lipid metabolism

. Amphibians are ectothermic (cold-blooded), and their metabolic rate changes
greatly with environmental temperature.

. At low temperatures, lipid utilization decreases, and energy is stored in fat
bodies in preparation for long-term hibernation.

« At high temperatures, metabolism is activated, and lipids are mobilized more
quickly.

. The priority of nutrient use is generally carbohydrates > lipids, but lipid
utilization increases during long-term fasting and the breeding season.

3. Types and functions of lipids
« Triacylglycerol (neutral fat): the main storage form
. Phospholipids: main component of cell membranes, also important in
development and regeneration
« Cholesterol: involved in hormone synthesis and membrane stabilization
. Essential fatty acids (e.g., linoleic acid): diet-derived, cannot be synthesized by
amphibians

4. Lipid metabolism and amphibian life cycle
. Metamorphosis (tadpole — frog):
Large amounts of energy are required for drastic structural changes; not only
carbohydrates but also lipids are mobilized.
. Breeding season:
Lipids stored in fat bodies are used for yolk formation (vitellogenesis) and
spermatogenesis.
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. Hibernation/dormancy:
Fat bodies serve as the main energy source. During hibernation, metabolism
decreases, while lipid oxidation continues steadily.

5. Lipid metabolism and regeneration

. Inlimb regeneration of newts and axolotls, lipid metabolic pathways have been
reported to be important for the formation and maintenance of the blastema.

. Energy obtained from fatty acid degradation (B-oxidation) and materials
required for membrane lipid synthesis are used in proliferating cells during
regeneration.

. In addition, lipid signaling molecules (such as prostaglandins and
lysophosphatidic acid) are involved in inflammation control, cell migration, and
angiogenesis.

6. Scientific significance
Research on lipid metabolism in amphibians contributes to:
. Understanding hibernation and low metabolic states (— applicable to clinical
hypothermia therapy and metabolic control)
. Studies of reproduction and energy allocation (— applications in reproductive
physiology)
. Foundations of regenerative medicine (— promotion of regeneration by
controlling lipid signaling)

Summary

Amphibians accumulate lipids mainly in fat bodies and mobilize them at key points in
the life cycle such as reproduction, metamorphosis, hibernation, and regeneration.
Lipids are not only an energy source but also important factors in cell membrane
construction, signal transduction, and the regulation of regeneration.
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The Relationship Between Reproduction, Dormancy (Hibernation, Aestivation),
and Fat/Lipid Metabolism in Amphibians

1. Characteristics of Amphibian Adipose Tissue
e Amphibians possess fat bodies,
o Yellowish structures located near the kidneys and gonads (ovaries/testes).

o Composed mainly of triacylglycerols (neutral fats), which can be broken down and mobilized as
needed.

e Fat bodies function not only as simple energy stores but also as “energy banks” that play a central role
in reproduction and dormancy.

2. Reproduction and Fat/Lipids
4 Males
e Considerable energy is required for spermatogenesis and reproductive behaviors during the breeding
season.
e Fat bodies shrink as stored lipids are utilized.

¢ In males, the phenomenon of “fat bodies thinning during the breeding season” is commonly observed.
Q Females

e Large amounts of lipids are consumed in egg formation (yolk formation: vitellogenesis).
o Phospholipids: membrane materials
o Cholesterol: hormone synthesis, stabilization of egg membranes
o Triacylglycerols: primary energy source for early development

e Lipids are also essential in the transport of yolk protein (vitellogenin), which is synthesized in the liver
and transported through the bloodstream.

¢ In both sexes, the size of the fat bodies can serve as an indicator of reproductive success.

3. Dormancy (Hibernation and Aestivation) and Fat/Lipids
¢ Amphibians enter dormancy in response to cold or dry conditions.

e During dormancy, when external feeding is not possible, fat bodies serve as the primary energy
source.

¢ In hibernating individuals:
o Overall metabolism decreases, but fatty acid oxidation continues steadily.
o Fat bodies gradually diminish during hibernation, often leaving animals thinner in spring.

e During aestivation (avoidance of dry seasons), fat bodies likewise play a crucial role.

4. Roles of Lipids (Shared Between Reproduction and Dormancy)
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e Energy supply: ATP production through (-oxidation
¢ Membrane lipid synthesis: essential for cell division and development
¢ Signaling molecules: prostaglandins and hormone precursors involved in reproductive behavior and

metabolic regulation

5. Research Findings
e Intree frogs and toads, fat bodies are known to shrink significantly during the breeding season.
e In salamanders, fat bodies are reduced after hibernation, and individuals must replenish them through
feeding before engaging in reproduction.
e The condition of the fat bodies is a key factor influencing both reproductive investment and

overwintering success.

Summary
e Breeding season: Fat stored in fat bodies serves as the main energy source for gamete formation (eggs
and sperm) and reproductive activity.
e Dormancy: Lipids in fat bodies are virtually the sole energy source for survival.
¢ In both cases, fat bodies can be regarded as central organs determining the success of reproduction and

survival in amphibians.
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Knowledge on Lipid Disorders in Amphibians

1. Abnormalities of Fat Bodies
¢ Amphibians possess fat bodies around the kidneys and gonads, which are used as energy reserves for
reproduction and dormancy.
e Examples of abnormalities:
o Overnutrition — excessive hypertrophy of fat bodies, leading to impaired reproductive
investment.
o Undernutrition/fasting — atrophy of fat bodies, increasing the risk of reproductive failure or
unsuccessful overwintering.
o If fat bodies are not sufficiently replenished after the breeding season or hibernation, survival rate
and reproductive success decrease.

2. Lipid Deposition and Liver Disorders
e Hepatic lipidosis (fatty liver) has been reported in captive frogs and salamanders.
o Causes include high-fat diets and low activity environments.
o Excessive lipid deposition in the liver can lead to liver failure and reproductive problems.

e Such cases are particularly noted in species such as the red-eyed tree frog (Agalychnis callidryas).

3. Relationship with Reproductive Physiology
¢ Insufficient lipids for egg formation (vitellogenesis) or spermatogenesis directly cause reproductive
failure.

e Lipid abnormalities can disrupt hormone secretion and delay sexual maturation.

4. Dormancy and Environmental Stress
e Lack of sufficient fat bodies required for hibernation/aestivation makes it difficult to maintain metabolism
and increases mortality.
e Environmental pollutants (e.g., pesticides, heavy metals) may inhibit lipid-metabolizing enzymes, causing

abnormalities in fat bodies or liver tissue.

5. Clinical Reports in Captivity
e Lipid disorders often seen in amphibians kept as pets:
o Obesity (excessive accumulation of fat bodies and subcutaneous fat)
o Hepatic lipidosis (often caused by overfeeding artificial diets)

¢ Reported symptoms include anorexia, reduced activity, and reproductive failure.
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MAEROIEE R L BERE T - BEFIHET

1. Ho AV (ERE: 7<=HTA, e HIA, VAHIALY)
feE B BEEEE T
¢ PPARYy (Peroxisome proliferator-activated receptor gamma)
o MMt - NEE T % A,
o Xenopus laevis THFEIADHEL X v, BaWIERIGH & IEIAE OB S5,
e« FABP (Fatty acid-binding proteins)
o NEWilgEmE - > 7 F ARSI,
o Rana catesbeiana (7 + 77 T) CHEEFIFEICFKIH FA.,
e LPL (Lipoprotein lipase)
o FUZVRY FoofERER, NENRC R T L,
o bXFHFTIATREREIICC CHEIZNS,
R 5 flAE R 7
e SREBP-1c (Sterol regulatory element-binding protein 1c)
o NEWiFEE ISR, 2 HITH, MR LR KRE CiE AL,
o YXAAMINFECTHED D,
e FOXO1 (Forkhead box protein O1)
o M AL ATIREEE % i,
o AMRMEGADEEHIHICBE I 2 FEBL B HE T N5,

2. ERE U=V, 4yvvavvt, 7HRu—ti)
feE AR T
e CPT1 (Carnitine palmitoyltransferase 1)
o MaWilE B Maft o HuEEER,
o Ambystoma mexicanum (77 v — bv) CTHEEFEAIFICHKEL, HERO T AL F -G IcEE,
e ACOX1 (Acyl-CoA oxidase 1)
o MaWiEg DY, HAETF T LA T2 &2 RNA-seq f#IT TR I 1%,
e DGAT1 (Diacylglycerol acyltransferase 1)
o FUVZVxY FAKRDOEMKEMZHS,
o AMA ) ClEMERLMHD T v ZHIHNCE 5,
5 HlfEH R T
e PPARa (Peroxisome proliferator-activated receptor alpha)
o MEMiFEEEAC & e, A2 < LA,
o W 7= v X—JHDOKIRIIC O IHTE(L,
e HIF-1a (Hypoxia-inducible factor 1-alpha)
o MKFRFRERET T CHEE G - BEEH > 7 b 2,
o AIRFDOV T~ v X—THfi,
¢ PGC-1a (Peroxisome proliferator-activated receptor gamma coactivator 1-alpha)
o I bhav U TEARLEEERERLZIE,
o AEVOMEFAICE VT, M BA,
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3. @A A EERMBIER T (Maticxoh )
¢ AMPK (AMP-activated protein kinase)
o IANF—wvH—, [FHENLZMRE, EESKZMH,
o ZlRF DA NF KT CiEMEL,
o Leptin (F1E V)
o MEWiMAkHE, BE - AL F - T v X 2,
o MAEFETHE IR D, Xenopus TEILLTAFEEZINLTWD,
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Lipid Disorders and Related Genes/Transcription Factors in
Amphibians

1. Anurans (frogs: tree frogs, toads, Xenopus, etc.)
Lipid metabolism-related genes
¢ PPARYy (Peroxisome proliferator-activated receptor gamma)
o Regulates adipocyte differentiation and lipid storage.
o Expression confirmed in Xenopus laevis, involved in fatty acid metabolism and fat body
formation.
e« FABP (Fatty acid-binding proteins)
o Regulate fatty acid transport and signaling.
o Expression increases during lipid utilization in Rana catesbeiana (bullfrog).
e LPL (Lipoprotein lipase)
o Enzyme for triglyceride hydrolysis, expressed in fat bodies and liver.
o Regulated according to nutritional state in toads.
Transcription factors
e SREBP-1c (Sterol regulatory element-binding protein 1c)
o Controls fatty acid synthase genes; activated in fatty liver and overnutrition.
o Reported in Xenopus liver.
e FOXO1 (Forkhead box protein O1)
o Promotes lipid mobilization during fasting and stress.
o Reported to fluctuate in expression in hibernating individuals, linked to lipid utilization.

2. Urodeles (newts, salamanders, axolotls)
Lipid metabolism-related genes
e CPT1 (Carnitine palmitoyltransferase 1)
o Rate-limiting enzyme for fatty acid 3-oxidation.
o Expressed in the limb blastema of Ambystoma mexicanum (axolotl), essential for energy supply
during regeneration.
e ACOX1 (Acyl-CoA oxidase 1)
o Initial enzyme in fatty acid degradation. RNA-seq data suggest increased expression in the
blastema.
e DGAT1 (Diacylglycerol acyltransferase 1)
o Final step of triglyceride synthesis.
o Implicated in regulating the balance of lipid storage and use during regeneration in newts.
Transcription factors
e PPARa (Peroxisome proliferator-activated receptor alpha)
o Promotes fatty acid oxidation, shows increased expression in blastema.
o Also activated during dormancy in salamanders.
e HIF-1a (Hypoxia-inducible factor 1-alpha)
o Regulates metabolic shift between lipids and carbohydrates under hypoxia.
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o Reported in hibernating salamanders.
¢ PGC-1a (Peroxisome proliferator-activated receptor gamma coactivator 1-alpha)
o Promotes mitochondrial biogenesis and lipid oxidation.

o Upregulated during cell proliferation in newt limb regeneration.

3. Common lipid metabolism-related factors (found in both groups)
¢ AMPK (AMP-activated protein kinase)
o Energy sensor; promotes lipid oxidation and suppresses lipid synthesis.
o Activated under reduced energy during hibernation.
e Leptin (hormone)
o Secreted from adipose tissue; regulates feeding and energy balance.

o Rarely reported in amphibians, but gene identified in Xenopus.
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Summary

Transcription factors such as PPARs, SREBP, FOXO, and AMPK regulate lipid abnormalities and metabolism in
amphibians. Distinct sets of genes are mobilized depending on the context in anurans versus urodeles.
Importantly, breeding, dormancy, and regeneration phases represent metabolic turning points for lipid use,
and RNA-seq studies have highlighted genes such as CPT1, ACOX1, and PGC-1a as key factors.
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[#51) WEHEICH T2 05M0ONME - BEL M
Ca EjX{ (NCX/NHE, Cav1.2, Cav3.2) D5 SciMoun

£ 2L B T g 2%

"NPORRAZR T I — T NIV TR (7 — /83— I —/R—RE), 2 ERAFE, > FHAFE,* bM< > - 77/ 89—

Calcium Transporters in Heart Muscle Cell
Differentiation and Regeneration

Xenopus —> (NCX m CaVv/T
Axolotl |
% — Onex ||| cavir

Regeneration

(£E]
BEIETIL OB M. BERKICICHE LT Na+/Caz* itk (NCX1,/SLC8A1T). Na+/H+ (A
(NHE1,/SLC9A1 7% &), L & Ca**F v x/L (CaV1.2/CACNA1IC). T B Ca**F v /L (CaVv3.2/
CACNATH) "EETH S I LWL RINTWDE, —FH, BN-BEREZFEO>BEMESE (FHRA—HML
Ambystoma mexicanum. A &Y Notophthalmus viridescens) >t 7 /ILVEREMAESE Xenopus ICHITH, I
LRFD 3] ~DEEZ R FRICER L 72HFHIEZ <AV, ATk, BEEFHIR - #eeRIR - FEBFN
B - BEERICB T 2RBEBTOXMEZHESE L. (DXenopus FLTH Ca2*F v R ILFIR & OBERED B
7. (2)Xenopus £t - EBETORE Ca>*> 7/ F LB, Q4T /7HhAa— b LLBEICE T 205
BEEERE Car*/ > N v Vi EBOREM. @WNCX/NHE OMAFE TOMEERIBIII., 8T 5,
fEwme LT, MAEFETH CaRATF v/ (FIC Cavl.2, CaVv3.2) BL UM F »3#fE (NCX. NHE) O
IR L e DD DME - BF - BEBRE & EFHEIC—3 L. Xenopus TIXEER /EEBFHLRARBRE R
INTW2, —A. BREDDBETLEESFZ2EERFLTOMMTEEEZERIALIARIIGABRoONTE Y, 5
BOBRETH 5,

(BF=R]

DB OERRE - oMb - BOH L, LaL < ENAEEN L Cazny R v o ORFREZE R#)#EC
b5, WMABLHTIE Cavi2 (L &) & Cav3.2 (T &) »EXHEMEROMIAEIB L. NCX1 A Ca?*HiH
DE®K. NHE1 A° pH - Na+ /N LT Ca>*BhREICREMNICEE T S Z LA HEIZ L TW 5 (Scranton 2019; Xue
2023/2025 % E5HR), MEREIE. REFHIRIENE (Xenopus) CHESEBERE ((EY - 7/RA— ML) ZFA
A HIL> I LMREONMEHIEORFEARIIT 2 L CEENRE TH S, Xenopus |FFRHAICHZEIICOF
EHBEATGE T, BERAE - BFEONADHITLLT L (Warkman & Krieg 2006; Hempel & Kiihl 2016),

@0 S ERILCONTIT, ML SBICRLT, SPIRD S 2 OO 1882 Bhobr SR THUET, %
TR | SRR A R Y . — SV R GRS EE. TOEEMRLILET. | R S
2 i ap.axolo
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1) Xenopus FELTH Ca*F v R IVEIR & 0iEHE

e CaV1.2 (CACNA1C) & CaV3.2 (CACNA1H) DR : Xenopus FE(ZH T B BAIKENME Caz*F v %
Vool 721y b oENRE TR, Dz STHEE#T cavl.2 & Cav3.2z ORBEARIN, O
HERERLILERPE & —2 3% (Lewis Dev Dyn 2009), PMC

o LB Ca*FrRIAEORELE  HHPVEBMESLS — 7z FD L BLERIL Xenopus iF
TEELRERBZFZRL. AN ILRAOBERENAM %159 % (Burgess Pharmacol Toxicol
1989), DLFEMFHIETIEAWLAL 0 - BRJIFEKICHFEN RN ENEHEIN S, PubMed

e Xenopus I DRE - ERXREVEBETVZICELER L E2—L, DIAFBKIY 72 BERET
FHFHTBIAIBE T, B - BEEFINATCERER L EBERORR R CZ 2 2% @A 5,
NatureMDPI

2) BE (BRY) ICB1F38H carv s+
o Xenopus EBXECIIEGEMFECEAR CaEBA WA T, RENM - /A bRV 7 /A F v EEEK
CERELTCEBE NS L%HEHTS (Paudel 2018 L E2—), TNIZOHEE TIEARWA RE - B
E£TO CaRFREEGEFHEORTFEZ Y, PMC

3) 41 €Y - PHRA—MLDLEEL Ca*nY ) YT OREFH
o AEVLBE: AT TEHLE—BYRECOHMEOBIEIES. ECM 0—BUBBEEET 70 HEl
# THEERITE T % (Piatkowski Stem Cells Dev 2013; #4:% Cutie 2021), Z DB THREVDERISEW A
WO LEY RWERFHOBERLNREoNS &L ) TEMERLH S A, Cav12, 3.2 NCX -
NHE ZEEEE/ /v 7877 LTOHBME2HE L -RRERORS IBRENTH 5,
PMCSpringerOpen

o FHRA—FIL:GIZEHME LTz Ca?*F v R IVIRERRIZFHE A, REORGE - UEBEHRD, S, BfL
KEME Car* AN TRP ROAGHVBEDMEERKZFIH T2 2 L REND (RIZELRDIHVBE—
gD Caz*w/BM#X3F), PMC

4) NCX/NHE (INHX]) D43 ToOBRERIRITM
e Xenopus TOHORTEME NCX &M : Xenopus JIAHHES IZATEMED NCX (Na+/Ca**33i) #HL.
InsP; SRR EHEERI~ A 7R R XA v AR LT CarHlicB5d % 2 & ARE 17z (Solis-Garrido
J Biol Chem 2004), 4482 T NCX HRIR - #aE I 2 BEIM TH 5, PubMed

o NCX DMIHIFZEXFRE (LERSR) : MILHET NCX1 1dF7-5 CarBiHigiE©. (OEeesAICR
AJX (Scranton Front Physiol 2019; Nature Comm 2024), 480 CORFEEDRE, R RBIN
%, PMC Nature

e NHE (SLC9A) (Z2WT : [NHX] B/ TIE—AZ(IC Na+/H+ ZHafk NHE Z#5 L. OICH1F 5 pH -
Nat+ RAFRX X X% LT Ca?* N> FU UV TICEET D LN MoND, MERTOLFRENEBER
BAEBIE D7 0D Xenopus R T LT NHE #EEZ 20 A F v BxDORE - BEGEHLLHRE S
ncTeY (Wi AEwL Ea—) REEEBE LTRETH S, PMC

@0 S ERILCONTIT, ML SBICRLT, SPIRD S 2 OO 1882 Bhobr SR THUET, s
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https://www.nature.com/articles/srep42506?utm_source=chatgpt.com
https://www.mdpi.com/2308-3425/3/2/21?utm_source=chatgpt.com
https://pmc.ncbi.nlm.nih.gov/articles/PMC6274931/?utm_source=chatgpt.com
https://pmc.ncbi.nlm.nih.gov/articles/PMC3685393/?utm_source=chatgpt.com
https://cellregeneration.springeropen.com/articles/10.1186/s13619-020-00068-y?utm_source=chatgpt.com
https://pmc.ncbi.nlm.nih.gov/articles/PMC9246919/?utm_source=chatgpt.com
https://pubmed.ncbi.nlm.nih.gov/15375168/?utm_source=chatgpt.com
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e F4 (Xenopus) : LAEIER~FHIIASHIEEIC CaV1.2/CaV3.2 DHEBEF — Ca*ifiA — EEFIME
(MEF2, GATA4 %) — YL OX TR/ ESHEMEREKII, H1TLT NCX1 I2& 3 CarHEE »'iEE,

e BE EV/7HA—FIN) LHORDE - BOLDERT CaRTFEEF 7RI 7 L0BRENEC
%, Ca?iAF v x/I & NCX/NHE OBEHFEHIML - RAZERT 52— WO EERDS, BEENMADRE
3 5% DIRELEERE,

[(FARF v v 7T LRE]

1. BERELOBE TCHOREREEER : Cav1.2,/CaV3.2,/NCX1/NHE1 % CRISPR., E/iL7x U/ #HE (&
RAPAEH) CERERFEMICIREL. DE2—h— (tnnt2, myh6) I - YL aXT7HIESE - Ca** b
Fvvzv b ERNET 5,

2. B—{lifabF Y RIV T b=LxCa?* A A=Y BELTCa*NY FUYVTBIEFEY 2 —IVOK
AN SRR >,

3. BM—ESRhy 7V I ORI : ECM BHEE (1Y TRRB) & Ca**F v 2L BEEDER%
71 7HBY R Bk, PMC

(#e+E)
e Xenopus Tl¥ CaV1.2,/CaV3.2 DLFEIR & EEBARIMA b, DAY T LRADP LD - BEEERILIC
RAIRTHD Z EWXFINS, PMC PubMed
o AEY/THRA—MLOOLEBEE OEHOBIBIE - BEBBEZHL. Car/ v P Y IEEBOBER D
BMTREIND. FEEEAORRESZEBEICIERAL 725X IL £ 724 %4 L, PMC SpringerOpen
e NCX/NHE [M4AEMIz CHMAEEN T, B4 - BEICB T2 Ca 40 RENIAT THLAREELS L,
PubMed
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BT A DT S ZZILAAH— AGEKDEETH (FEE)
(F2/£ 30.0mg/L, pH8.8~9.4, (F2[Z 38.0mgl/L, pH7.6, (B2 67.9£9.3mg/L, pH7 .4 £ 0.1,
1545 £90.003%18 ) #1548 190.004%18 ) F2155E $90.007%4E %)
oK Na: 4.0~10.0mg/L Na: 11.3mg/L Na: 16.7 =5.9mg/L
K:1 .D~5.Dmg/L K: 1.3mg/L K: 2.4+0.5mg/L
Mg: 1.0~3.0mg/L Mg: 5.4mg/L Mg: 4.5+ 1 1mg/L
Ca: 6.0~15.0mg/L Ca: 6.4mg/L Ca: 19.6 +2.0mg/L
IET > T4y T avhklLy s R
(FZFE 304.0mg/L, pH7.8, (FEE 315.0mg/L, pH7.3, (REFEZ 1468.0mg/L, pH7.3,
IS8 $90.03%1HY) #ISE $90.03%1HY) HWISEE #90.15%10Y)
K Na: 7.0mg/L Na: 7.3mg/L Na: 9.4mg/L
K:g8hkL K: 4.9mg/L K: 2.8mg/L
Mg: 26.0mg/L Mg: 19.9mg/L Mg: 74.5mg/L
Ca: 80.0mg/L Ca: 91.0mg/L Ca: 468.0mg/L
HFNBEREZFER HFWNBEREZ R HFNBEMIE % A
=7k (pHB.8~7.4, ;57K 0.15%) (pH6.8~7.4, ;57K 0.3%) (pH6.8~7.4, 1B 1.0%)
/8K Na: 1500.0mg/L Na: 3000.0mg/L Na: 10.0g/L
+ W7ok DRERK + AW =7k DIE R + Wk DiEAK
MEEICEDE, NaLIADEIEE (BES%RE) 2 EH.
[KDOBEEELKA]

HUODTEBENRONZH . KEMTIXUTO BRI HFMICLEELTLS,

KOEE = T R4 (Mg) + AL (Ca) DEFR (+ HUDLKK) OEFEEFETBENEL,
¥ FRUS L (Na) [ZEFELEL,

FHEK: FE (mg/L) = CaiBE (mg/L) x 2.497 + MgiBE (mg/L) x 4.118

K1V w PVICEENZ ALY I LERT RV I LOYBEEDEEE, SELVYESOREBHANLS T L
(CaCO3) DEBEEICHREL THRLIEE.

LT .Na DERREKKEICHTIEBRETT .
<Water salinity (£FAKICBITTOSES R, BE SEBHTIER, FATXES REOERK.)>
-i#%7K (fresh water) £ 5 R E 0.05% &
- R ETREAE7K (%7K, merginal water) 155 B 0.05~0.1% 2
-357K (Brackish water) #8452 0.1~0.2% (~0.5% &9 5B81HY.)
-RIBK (Saline) i85 iRE 0.2~1.0%
‘BRERIEKIESEE 1.0~3.5%
-fAFI R 1E K (Brine) B4R 3.5% #2 (BWiH, #BAKL~IL)
<WHO [Z& 5B KDKBHAFS1 2>
EROK- - -FERE ~120mg/l (~0.012%)
-f@sK- - -FERE 120~180mg/l (0.012~0.018%)
-HBREIK - - - FEE 180mg/l (0.018%)

AR 2: KEKFORBIER, SRV IA—5—0OHH. BE, pH BEDHFRELH.

#OEBIHIDLTIT, MEEMBIDNUT. Bf RO A2 O IEE- CBAObE ER_THVET.
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Diseases Commonly Seen in Axolotls and Preventive Measures

(Based on reports from keepers and observations on social media)

Introduction

Axolotls are popular amphibians due to their unique appearance, but they are prone to various
diseases if their environment is unstable or water quality is poorly managed. This report
summarizes diseases frequently mentioned by keepers, along with their characteristics and
preventive strategies, presented as statistical trends.

Major Diseases and Their Features

1. Floating Disease (Swim Bladder Disorder)

« Symptoms: The body floats constantly and cannot sink.

« Causes: Overfeeding of artificial pellets, indigestion.

« Countermeasures: Switch to natural foods such as frozen bloodworms.
2. Water Mold Disease (Fungal Infection)

« Symptoms: White, cotton-like growths appear on the skin.

o Causes: Poor water quality, weakened immune system.

« Countermeasures: Water changes, temperature management, medicated baths.
3. Anorexia (Refusal to Eat)

« Symptoms: Refusal to eat for an extended period.

o Causes: Poor water quality, stress.

o Countermeasures: Improve water conditions, provide a calm environment.
4. Dropsy (Ascites)

« Symptoms: Abnormal swelling of the abdomen.

o Causes: Poor water quality, digestive problems.

o Countermeasures: Water changes, adjustment of diet.
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Statistical Trends of Disease Occurrence

Disease Frequency Main Causes Countermeasures
Floating . : Switch to natural foods (e.g., frozen
, High Overfeeding of pellets
disease bloodworms)

. Poor water quality, low Water change, temperature control,
Water mold  Medium

immunity medicated baths
, . , Improve water quality, reduce stress
Anorexia Medium Poor water quality, stress
factors
Poor water quality, . .
Dropsy Low Water change, dietary adjustment

indigestion

Conceptual Graph of Frequency (Bar Chart)

Frequency

High | | Foating disease

Med | |G Water mold
Med | |GGG Anorexia
Low || Dropsy

Lessons from Keeper Experience

« Diet management: Avoid excessive reliance on artificial pellets; provide easily digestible
natural food.

« Water quality: Regular water changes and stable water temperature are essential.

e Stress reduction: Maintain a quiet and stable environment to reduce disease risk.

Conclusion

Daily observation and proper care are essential for keeping axolotls healthy. By detecting early
signs of illness and applying appropriate measures, axolotls can be raised to live long and healthy
lives.
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Short Note: Bacterial Species Causing Weight Loss in Fish and Amphibians and
Management Strategies
August 25, 2025 — Haruka Sugiyama, Ph.D. (P.l.)
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Abstract

Even when carefully raising axolotls (Ambystoma mexicanum, Mexican salamander; hereafter

referred to as “axolotls”), owners may sometimes encounter the frustrating situation where their
pets “lose weight despite eating normally.” Recent studies suggest that prolonged nutritional stress
can reduce appetite and disrupt the balance of gut microbiota, impairing growth (Sugiyama, 2023).
In other words, the cause of weight loss is not simply “not eating” but rather the body’s inability to
properly utilize nutrients.

Furthermore, surveys in pet axolotls have shown that the most common issue is fluid accumulation
in the abdomen (ascites), observed in nearly 30% of individuals (Martinez-Jimenez, 2017). Ascites
can further impair digestion and exacerbate weight loss. High water temperatures are also
associated with an increased risk of disease, highlighting the importance of proper environmental
management.Management strategies include early adjustments to feeding and husbandry, careful
monitoring of water quality and temperature if symptoms progress, and consulting specialists
when needed. In the long term, maintaining a stable environment and supporting gut health are
crucial.Weight loss may be an SOS signal from your axolotl. Noticing small changes in daily care
is the most effective way to safeguard their health.Below is a list of bacterial species that can

infect fish and amphibians and are associated with weight loss symptoms.

oo

Bacterial Species

Aeromonas

hydrophila

Aeromonas sobria

Pseudomonas spp.

Host Type

Fish, Amphibians

Fish

Fish, amphibians

Typical Symptoms

Weight loss,

lethargy, skin ulcers

Emaciation,

hemarrhagic lesions

Reduced appetite,
poor growth

Bacterial Species Associated with Weight Loss in Fish and Amphibians

MNotes / Management
Considerations (9l

Opportunistic pathogen; water
quality management and
antibiotics may be needed.

Often occurs under stress or
poor nutrition; maintain clean

water and reduce stress.

Opportunistic; menitor water
quality; probiotics may help.

Mycobacterium Fish Chronic weight loss, Zoonotic risk; requires veterinary
marinum skin lesions diagnosis; long-term
management needed.
Flavobacterium Fish Cachexia, gill Often worsened by high
columnare Necrosis temperature; improve water flow
and hygiene,
Chryseobacterium Amphibians Emaciation, skin Opportunistic; manage stress
spp. infections and environmental conditions.
Edwardsiella tarda Fish Weight loss, enteritis Can be acute or chronic; ensure
good nutrition and biosecurity.
Aeromonas veronii Amphibians Weight loss, Opportunistic; supportive care
lethargy and stable environment

recommended.




Bacterial Infection Management in Axolotls
(Chronic Wasting / Progressive Weight Loss Type)

¢ Early Stage (At Onset of Abnormal Signs)
¢ Water Environment Improvement
o Replace tank water with dechlorinated tap water to improve cleanliness.
o Prevent water deterioration and ammonia toxicity.
e Short-term Measures
o Tap water baths temporarily reduce the load of external bacteria.
o In the initial stage, a 0.2—0.5% brackish water bath (NaCl added) for a few hours can suppress
bacterial growth via osmotic pressure.
e External Treatment
o If skin lesions (ulcers or cloudiness) are present, apply povidone-iodine (e.g., Isodine) with a
cotton swab to the affected area.
o Avoid prolonged immersion; partial treatment is preferred.
¢ Mid Stage (Persistent Symptoms / Progressive Weight Loss)
e Sustained Environmental Management
o Regularly maintain brackish water baths (0.2-0.5%) to support gut health and suppress bacterial
growth.
o Switch to highly nutritious, easily digestible feed.
¢ Introduction of Medications
o Oxolinic acid (New Quinolone): Water-soluble, effective for gastrointestinal and systemic
infections; can be administered via feed or short-term baths.
o Penicillin: Consider if Gram-positive bacterial infection is suspected.
o Streptomycin: Expected to be effective against Gram-negative rods (e.g., Aeromonas,
Edwardsiella).
Note: Amphibians are highly sensitive to drugs; use low concentrations, short durations, and
observe carefully.
¢ Long-term Stage (Prevention of Recurrence / Chronic Management)
¢ Thorough Husbandry
o Maintain clean dechlorinated tap water as a base, with regular water changes.
o Periodic brackish water baths help prevent bacterial colonization.
e Recurrence Prevention
o At the first signs of abnormalities, immediately perform a tap water bath and topical povidone-
iodine treatment.
o Newly introduced individuals should be isolated and observed before mixing with the main
population.
e Avoidance of Antibiotic Overuse
o Do not administer antibiotics long-term without clear effect; switch promptly if ineffective.
o To prevent resistant bacteria, use antibiotics “short-term and intensively” and rotate types as

appropriate.
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Summary (Key Points Reflected)
e Early: Dechlorinated tap water husbandry, tap water bath, 0.2-0.5% brackish bath, topical povidone-

iodine.
e Mid: Introduction of antibiotics (Oxolinic acid, Penicillin, Streptomycin).

¢ Long-term: Maintain clean water environment, prompt treatment at recurrence, avoid antibiotic overuse.
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5, —AH. fEekR (/07 3Iy) BERLICKL, HE~1 BERER AN H 5,

2. HEEOEH L LK

2.1 R#ERFM: (HOCI)

. KEKDERD THERAOGREFRZFED

. E¥ - pBARC FRBMEIXEN

. THEE— FLABKTIE, BREEA SVWSEICEBOREICRBEEEZR 570 FRNMNE
2.2 RERFKE: (HOBr)

. T THERETERIND

. FHE T HOCI L EEN P 5L

RKISERRDICEDNAEDORENH Y . MAEFAFTICITBEI AW

2.3 RE K> 3—FK (Povidone-iodine)

EEAEEHEEICALWLNS

WeEEI 7 RHAME « 7 A L RICHE)

KA TIFBEZRBNE L. MIECE~OR#A R, BE - IRAABTICIEIFAE

@0 S ERILCONTIT, ML SBICRLT, SPIRD S 2 OO 1882 Bhobr SR THUET, _
TR | SRR A R Y . — SV R GRS EE. TOEEMRLILET. | R S
e SIS ap.axolo




3. X - R L FERA
. FRA 2 COIBRIER | 24 KEEE TREDHRERBE

. IT7L— a3y HEFRTERITERD
. ;MH% DR E
. gk (/07 3Iy) EREH#. EUHRCTFAREBS Y T L THhRERRE

4. KOEEIRE & RERHIG
SEROKEIET EZTEERLEOMEZS SR T 0, BENTEZL, EEKICIFHECEES E
BB WEMDFEEL, ERBRNT VRZHRT S, LA >T. 8AFKIE RREZBS L D DOBEHEHMEY
RS 5] REEEETONLEX L,

5. PFAS (ﬁff%w v HRILEY) OfE
. RHICEBM SRR INTWSLEYE
. 7}<1_7}<;)%’Piﬁi%7}< ERETLIENDHD

. MERANOZER T LARE LD, BENBE TRECADUIEE~DEZEN TR EIND
. R OFEERIEECEREE (RO) 714 ILEZ—HDEH

6. IBE~DEKIIEE

1. KEKDRIGRNIE : RO DIV FIRE, £7213 24 BEIRABE=+TT7L—2 3>~

2. B N7 Iy - PFAS XK | JEMERIEBEX RO KD EMA

3. ER{AAE: Eé]ﬂ:?ﬁﬂﬂ%%’EHL’C7}<E/\7‘/7\7&T%O

4. TEHKEZ - KERE: TVEZT - BEHE - HREOEZXU V7

I\:é]:gﬁ_ﬁ

THEO— FVEABKOREMNIZ, BER2REREL T TR, BB ADT MLEY. HEEILEMY. PFAS
BREFTBRIEEAMEE TREICANTEZ2XEDLNH D, HEMICIE, RIER+KEEE+LEICR LU
FALBOHAEHE T, MEREICE>TRELIKERREZEZ LI EDNRVERETH S,

S 30k

1. EBEE5EE [KEKEEEICONT]

2. EBEHEE [KEICHEIT2EREEDERER ]

3 WHO, Guidelines for Drinking-water Quality, 4th edition, 2017

4, Richardson SD et al., “Disinfection By-Products in Drinking Water: Occurrence, Formation, Health
Effects, and Control.” Environ Sci Technol, 2007

5. USEPA, PFAS Strategic Roadmap (2021-2024)

6. HEPRBIFH, [MEERB ICE T2 KEEE] MEBMIREEE, 2020

7. IN&F [KEKRDEBIESR L EYFELE] RiEHZFE, 2015

(DO < ERRILCOLTIT. B UBECRLT, SPIRME 2 OO {882 Bhmbs SHLTAVET, &S Sk
ATAS -:-—ﬁﬁrt;rxﬁ ISR ERBY. —RBYE RN TRETB S TOSEAR LLET. |
o A ab.axolo



[Bfii&Et] ZHRA—RILOARTAV VB EHERE (BBHE) 2025/8/27

E: BILELFEN SAF BT HE 1234 SE 52555 MR K6 (I7—LBH), BE PHA

"NPO BARS IL—T_NILTHR (7—N—)L—/"—WRE), 2 RRAE, > FRAKXE, 4+ a2 -7o/80—,5 57
HoauoASR, 6 NILSRIT7T—L4

[#E A _Introduction]

AXS Y5 — (Ambistoma mexicanum) DFLEFRMELTHON, RULELTERBVATRDH D
—/X—JL—/3\— (LI, Axolotl, 7/RA—kL) (&, ZDEABEFENEILTELT . ZLDT)—4—%
AREENFAEFEORELIZERLTE .
Fz. RREOARSAYSTUF —(FRERBOBEICHEL TEY . BIRICBEVWTLEROBHAOMENSEDFRE
#BiEL1I-EE%E 2020 £ o#EL TIToTET,
RULEONBERL TV BROBREEFHRAGEHRIOHTEL. RBELANIILORT—/)LTHEERTSILET

1). ERANGIEMNOLREERKBEDREICE>THRINIZAKSKERE

2). A—KJYD-AVEVILDOLERT, KIUR-BXEFEALEROIRE

3). MMRICKDIEXRE (FFoN) OREBLEZT - ABRE-RERCEZHBAICERLESRE
HEDRE T TEE T -ARERICDOVTHLMNILTES:,

EFVZ . FAFRETICEEZREL. RALTIILEI—CEoTKEZFHIET H2EF, BENGEEN
DERAREGY KEBICEBTOMENEDHEABEFAIRTHS.

FICTAHRA—RILITRERRAEICTEC. TCISRIEZRLTLEIRELHY . U/ B B MDA IEE(ENED
HRESNTLD, FICEEE (WEH) ICIIRETHY . HMIRTRELTVSRKRERBLTLESILAENRELLY.
RACEZFDHIENELGOTLED,

1: £ERBETILOKE (60cm R7—)L) OFl, BEAHLLY,

@@@@ #OEBIHIDLTIT, MEEMBIDNUT. Bf RO A2 O IEE- CBAObE ER_THVET. L i N |
T H—RRREE C =T olR I SRR EHD Y —RRBVIRE M AAICACIRTIB 3. TOERAGELILET. | o dHALI? D
ab.axolo




FIT.BEIEICHLRSE (Betta) OfEI©, <X (Silurus)-3'YJRKSR (Corydoras) DEIZHITRE8BEHER
—EI)—F—DH RPN AEDEFEFIIRA T SEB A AL,

1). ERMZEBATHERITHKI S LT EE-KREEORBLEMA ., BIEZRAITHS,
2). KEBOEEEZETITEC LIS, AFTHTAEBENDEREDETRERRI S,

EVVSEIRIZIULIRY A BRIEOBREILESEZAFEFELELGIHEANL, HEWICHDREITHEOEREES
HABRFAEDHEILZBIELT=,

LT, ZDFMICOVNTHRET S,

cocoflE SHICOLTIE. ABELECRLT, SPIR0 52 00 1882 Bhhbl SR THUET, s
TR | SRR A R Y . — SV R GRS EE. TOEEMRLILET. | R S
e A ab.axolo




[#+¥&F% Materials & Methods)

1. AE9T 24D LAE

HEAEXHIZ. ZMV— (100 A —avT) TRERFBAGNSRT, BLERTHENTRTHD,

RFLLUREE
N9 (XER)
TAR ~4AR 2 TOTE

2TOTENE!

et —————— AL A”ﬁjvﬂnﬁtﬂ'_
2: BEEFERARICLELTLO—K

— E0L O LRABKOBRTHELLENHERD
BEDRFATHLONTLD,

i (BRE (Fh EEFER since 2020~, FERDFFMILEIR)

@ NREFER (FEORRETEE 2L, KOYLBMFL-BHREL, ERFAITHEN)
BEDOKSIC, BEfK (15cm FE)~ KA (20cm Llt) OF7HRA—MILHARBELOTADIKRES,
DO AFTHTAEEOYNEEET S, EEMNICE. BEEOO/SRZFAEBENIEREICENPCTUVENR,

Q TFIRAFVIHDOERHYT (BL. DD KOENIMHEHEHER)
HILFZEHRWNEEBT K F=E KEKEROERIZERY 5,
Fle BB T IRBHLGE . KOENDIMNYPTVALNLEVARTRANSIEATES,

@ M
HEEROEDEREL, ELLEEINT IEIZFERT 5,
@ KEFvh—

BRI, TS 6in 1 DEIEHBRMTOF VDS, BFHEHEBRTOFIVILE,
pH (KFRAA1E%), TDS (BE), BEE (KH, GH) DHERBZELGALHATITHER,

@0 S ERILCONTIT, ML SBICRLT, SPIRD S 2 OO 1882 Bhobr SR THUET, o
e | T R IAY T RN SR BY, —REVIRE A G A AT 511, TOEFMERLALET. | o o i
ez S ap.axolo




® HLFxikE
FARBFE)VLEZEORMENEREICL, (L BREONARIFANBEISIET S L)
EAIVAYDOERIE BEETIEAVNIHS (XHk[]. SHB) £ 0D HNWAR—IATIIHBEEE~DIEES
RORESNDAEEMELH L0 SEIDEH TIERILEESDBREASTLVELWALRID,
W, MAEFERITOHTVEEDEHRFTEONTNSD, Lo YIS A—REMIZKE TELRVSEIOLSLEHT
BRETHNILERLGZVANERL,, RERLGEH S EHIN . ZLDANRTIAVIEHTORERARIZ. EXKOTER
ZERATEY., ESREICLINETICH HHOITHBL Ho--OFTENBE,

©® #f (FEHEEENEETS ok)
SEOFABAETIEIKNERBITTENOT O £EEFERHBITER TS L RELETUEZTPHED
FETERIDIRINHHRITERT D, KNBNEL, EDBORITYCITHKTEHTLE,

@ RRARE (HHEIE48R)
WEREEGD, 7)-Y FI-WE (JFIFECT) %, 1/10000~1/5000 FH]RL.5~7 BRE#EL TAREZITS,
HEANDBERLS 9=V F )4yh% ., 1/10000~1/5000 FI]L . 5~7 BHREBHKEL TAERETI,
VOV EERWSFELHD FHMIEIR 4 BEY NILSHROBEOHEANR (XR[1]) £5H,

10~20L /7Y (FFEIZE 3, 4 1)
EBKOFEIERAT 5, KEKEIEAN, DILFREEANTRSEE D,
Ei5 (25~30°CTF) Thh(E, KEKERABELTHITIE, BETHER (WILE) N 24hr BETEHTS
12, WILHREZFME T ELABKELTHERTRELE D, ZOHAEED=-ORBIERDFIZHRET S,

2. FRARK-REEY -SHEHELE

ARRIZIFE, AF2aH 23007 (V—/R—)L—/—) DB RHEMA=,

B, ABICRHESNTOEVREL, EANICAXFISRHIATWSERESBOIL,

AXHRIZIBE LT —2ZANSOICEHELI-EER - AEDF AL, BEORENARICECTELHREFTo1, =120,
RFLLBOEZEEDLEBEOP TEGRELGELZAR-ZELEGEE BEAX - MROBHXPTHEHEMET 5.
Ftz. BIRICTHAWS R, FERDAXL Y525 — (Ambistoma meicanum) FizIg BFER x kT2 H—4
SIS — (Ambystoma tigrinum) DRERFTHIN ., ZEMDECFHRERBELCERDITHZFICKRSLEELRLONAG
WEHTIZBVLTIE, WFhEEILAF L I ST F —DREFEELTRYKS,

M. BIRDETRRICENT, ERNICIERELEZEREIRONGNVIEEZHSNEL TS, (LU [Fh, 2024. SHE)

@O0 S ERILCONTIT, ML SBICRLT, SPIRD S 2 OO 1882 Bhobr SR THUET, i
SR | SRS A SR K5 . — ROV R GRS, TOSEWRLILET. | L .
= ap.axolo




3. RUBZE (2L) ZAVVEREAEEFIR
(UTOFIESR, BEHRERICEY., FURBEORSFCTER. FERA MwAREL-MRELRE.

3-1). fEILL LIFDOFHN

(1). ERZAFT D,
(2). DDBRBF/EKEKTECESEL, KEKEBRRDRED 4 BIRREAND,
(3). EEMHASNF-RE, HILFZEIRVKIZEL, KRORNIEFEKDKEZIE DTS,
X (2) ERIFIEITTEEL T, 3hr BEKEDLEL. KEZ—HStEDH, FEICHHEENFTHERET S,
X BARE, EXMIZEKE- KEELENBE, KEEZRESELNIE, 5SCENLLBNRITTEET S,
ESVVKEELVKEDZE REENELTE 5CURNIZT S, BKE-EKEDHZ S, £2°CLIA,

4). DDOBB/BAN.FEYD 4B DKEDHERDZH ., BARBFDORICASTKEERERET,
¥ MbEIFE. ZORIXIZET,
(5). RDB.KEZUYADNLETET. KEKERRD 8FRBEANTEREZRE TS, [2-3). EEEZSH]
X KEKDHILFZEENT . BBIERD+RHITEENTLSIKE (~0.6mg/L = ~0.6ppm, X 3-1-2. SHR)
T5~7 BB AL T B EBICHELTVWSHEZEZL2ICKRETED, (K 4-6. 1)
(6). (5) DEAREF . ®D/NTVIZTKERA . WILFIRELZBEUEEHMT S or BN LT-5I5FT 24hr FBERHA
BEZELTHILFTZERKSED,
(7). REHEMNET LIz KESTUYNRDSLETET. QORENYTEAVTALEIN RO KEANSILT
SEOFEAEINFEIESNS, [2-3). BEEZSH]
EHES5ZTRLDIE 7 BREBALTH S, HFLORBIZEATHSERBLAEVE GHERE -ERMITHoTLE
3,
X KEKDFECRHRLELZ B T-ABLARELD, TORIIEREENEARANTIAFERELLASTI,
10 BREERZBL, ELOBEARORDICE 1Y REZH VS LIITLHHEEITKEKFABTZIRYLH.
ANFIRELZELL 1B3~F EEFEMASILET, BBIERE 0.2~0.3ppm BEICTIFHILTHEMTES,

QOBGE) | 8BHOLTE NS LBLRUT #5050 188 BAOLE R THYET. iy
TR | SRR A R Y . — SV R GRS EE. TOEEMRLILET. | R S
2 ap.axolo




3-2). EED5RA
(1). ODEB/BDIFERHTT. TOEEDIKEEIZT S,

' g
t :

(2). EHRDEDELIZRITTEEZEET  ERLTHEBLTV AN ZHEEL., BL-0ZRIELERELTEZ S,
INHL~HHIT 5~10 HIRREEZHERLY, KOBENDT-, REEEICTTET S,
- 2cm Kik: BAGVEEERARLGWMERLH L, TDHE . EELTS3/021)0Te25%2%, [RAER,
- 2~3cm (HK): ODPIN=O BRI FA0 D)o TOREIDU T 5 R 5, FEEREHE,
+ 4~T7cm ($F): OIZABLEL/NHDEEZFNIEISFLTEXAS.2~3 BEIZ1E5Z5,
- 7cm PLE: OICASKRESDMEZ. HAEBIC1ERNSHDEX 5.

3-3). #KFIE

EEDBAREZLVCETKNEO>TELLM]KEITI. (TEEEZSE)
HOKRTD KR EHKE D KEABIRIBEN T ELENKSICEITERT HE, 20°C — 6°C BEIFRERR,
ELKEEVWKEDZE . BEENELTY 5CURNIZT S, BKE-EKEDZGEEL, £2°CURIZTSHIE,

‘;" -' Y
> [~y
i £ : WY 4 T w«v;«e‘
| >

= = g ﬁ

' Scale bars: 50mm i - S i
(1). ODBRBFZDKEIYIRMDOKEETD, ERITHINDIKEE,
(2). FRICEEPEMNFEBET B8 T2EHNLTEIED,
(3). BRNEHEITT H1= . KBKELEERLVSIREDFEMZ S,
(4). KEKTHZEIR>THEL . KYRDSKEE TS, (COFIEZEZ 2~3 E#EYIRT)

X BRALV—N—IL—/I—BREHEEITRIEETHY . COREETIETRREEDFIHITES,
X L, BRZEEBOLIELDILERADRBLLELDT, 2~3 BHREEICBEDH D,
X ELDOFRAPKTINDLIGERMNFERSANE, COKEBKIZED "5V DB|EZREST

QOBGE) | 8BHOLTE NS LBLRUT #5050 188 BAOLE R THYET. iy
TR | SRR A R Y . — SV R GRS EE. TOEEMRLILET. | R S
= Ao ab.axolo




(6). —H—

o 0eo

F‘, _r

LT

EDEEE. BA~3 BEIZ1 ETD,
X ERKENSELDT, MKEERLZHDANRE,

HEREE DL T, MEEMBICNUT, BEFZO 52 D88 HhObE B THEVET,
HRRREE C =T olpa RN B E Y —RRBVIRE M AAIC A RIS 5. THETIAGELIILET,




3-4). FRAZHLI-EE0BRAE (H4. BR)

CCETOFIEESFNIE, BRMICITEFED) RV TR DR BBIELLGBRITBESADETH D,
4 |ZEMERL TS0, FERERERL . KOEEHENYT THAILLGALREEEET S,

UT.ARFIEDFIZTRY . (5~7 BRIDERDETE)

(1). EL®OIZ FOFREHEL HEZXEITHLTWSIEEZBHRTHERT 5,
X FEROMFBENEWMEGESICRY.IE / KEK / JY-VF @-IMIN, Y3981 41VDD C ERVVERES
BEITES, HFERMIBELTVSIGE. BB TEIERAOERT. A RXTHEELLEETAEEITI,
X HEOME~DRPEDSES . REBRENTFRLEHEEIL. AILFERNEVKEKNRLEETENTH
%
=1L, EETEDOREEK. BABHICEVMEKIC OV TIERBGKELICITEET S,
¥ KEBEKDIGE . R THNITIEREELZREEL. 0.6ppm LT THEILEHERT D, TRMHNIL.
AILHRZLREED 1B3~FERERAVSILT. BRBEREEZEROEBIILGLLVEEICHES S,
(2). AEKEHREL., EEHKT S,
1§:0.2~0.3% / /KEXK: 0.3~0.6ppm / 4=y F (3™=MMJF9}F, J¥91): 1/5000~1/10000 / 1> C: 1/200
¥ LFEROEBEOHET., ETHNIE 0.05~0.1 — 0.15 — 02 — 0.3 — 0.2 — 0.15 — 0.05~0.1 %
DL, BEMICEEEZ LT BEMICTIFTOKARERADERMN DL KYRDTHS,
(3). ABYMMNETLELREDKEHEARL, 2~3 BRBLT ERNIBRELLETNIEEEERT .
BRI DHGEERKOFIETREEEET,
X REDOFEMICEALTOA. BETHOTHKRICEMZRTIHZENHE-. HKEDOFMIZDLTIE
T LLARARBR THVAREELH O RICLTELL,

| LREBOFIEEFIIE, CORIIHBERAERTELDEFRERMYHZSIEMNTIEE ! |

ul””"

r 2
@@@@ ¥ BRIICOLTIE. NEE MBICRLUT, EPIRD 54O 188-C Bihhbs B TEYET. Ry, Y
e | s —mEECERR AT TR Y, —ROVISE S AAGH AT IS (1. TOEEMELLET. | Lo ,,(H A
ap.axolo




KEMET— & 7L F FiRD f WaKiEK hFigEK BAKLICL 255K BARELICK 55K
(BMEL, ~72r2) | (—EHiEZE < £ETY) (FA%iEENa #=hDiR) (FIEE B ~7% L& 24hr) (RIFE R ~F% L #248hr)
iR (C) 15~20
B4E& {1~ (NO;y) 0 0 10~40 50~100
mIEEMLY (NOy) 0 0 0.5~1.0 1.0~5.0
maEE (C) | (ppm) 0.4~0.6 0 0 0
HIEE (GH) 25~100 25~100 25~100 25~100
REEIRIERE (KH) 30~55 30~55 30~55 30~55
pH 6.8~T7.5 7.2~7.5 6.0~6.8 6.0~6.4

¥ BHERAAY (NOy): KRO T EZTAKFOHEEMAEIC L > THLHEBEER (S /KB (72 LEEE),
¥ IIEEE(TY (NO, ): KR 7 EZTABBEEICL - TELNTYE, HEEYOEBERORREIZK ) EE,
¥ EMPTO-IECRIEICS TS BEE Y, EEBMORERIT, EFICESENIBAMEOEERSFRITFSNE,
WOBE (GKIZEET 2 MMty Ca®’, w7 39kt Mg?t @ E) : mg/L = ppm = dH/17.8
HAERAZNL VIEC G > THCI-Z0.6ppmE EARB A AL,
¥ KOBEEDOER: 87k 60ppm =, ik 60~120ppm, Bk =120ppm, #BiEK = 180ppm
¥ AEDACGENKITERRICERNK, HIOAEROERD o, KOMEMR ZHE A6,
¥ BUHE IC X 2 FREIR Y, FHEf 0.6mg/L = 0.6ppm (YpK204 4 H 1 HAEST)
Z£18: https://www.env.go.ip/water/water supply/kijun/index.html
¥ BEE (GH): KR oAty Ca2+, ¥7 39541 Mg2+ 02E (KE)
¥ O EFIEEE (KH): k& EN 2 EEIE [(§): KFEkECa, EEFECa [CalHCO3):], mEEF Y 7 L NapC0s] MiEE
« ZEHME S (COy) AARITEIT TLARENZ NI L, CalHCOy), AKFICECERENS,
KHA & < A 28, KA FILAVHEIEE, pHO2EEET 253 2,

FAFEEF b Y 7 L (Sodium Thiosulfate)

4—0 Na’

ST B4 7 A LR (R E

FFE—ik Extra Pure

REFE: FiR pH 6.0~8.5 (50g/L, 25°C)
CAS RN® : 7772-98-7 & @ THEIFeT L
7+ F = Na25203 -k & A EBEITAL
481 158.11 I 1.667 (g/cm3)

FEOLD50 (-2EFEE): 5000 mg/kg (T v F)

#M8: 7772-98-7- FHEAEH ) YL (B D0 IL LIS S

3-2: R75VY (REHE) ([SBTEHKERR 1 (/VIILIHRAERR)

#OEBIHIDLTIT, MEEMBIDNUT. Bf RO A2 O IEE- CBAObE ER_THVET. g 4
R EEE C EhT ol a S EHSY . —ReVIRE A G A ERTIB e, THEFEMRELLET. | | dHALI:"b* o
ab.axolo

o0e0




3. KEKGAFTMNEILI-FID BN

R.A. (IR) #% HoDIERIZM: 14 EREHH AR FECTEERE

BEFOOHIE: METH

X MO KERNRETIERBIEREE: READTENHDEE(E 0.6mg/L=0.6ppm ZEEBZELME
JK#E: 5cm x 30cm HSRKEE

JKEL: KFED 7 BIRRE

BKDRAIVT: KNFAOYEE->TE -5 (BARELGEELL)

BOKSERE: FEEHE. 10~20 BELRFESTLEL

KiEIRE
‘B FOEFKEKEFER, KEEZRIEHIET, BRKEANTKEEZTIFTRE,
& FOFEFKEKEFER,

WEESEE: 3 HEIC1 |
HWeEE: UMY —/8—)L—/— (IMFL) &1 DFH (3~5HIEE) — BEDIAAEELTERD

3-3: R7AVY, KEKGET 14 FRITKICEo=EE [R. A. (R) #&]

@@@@ #OEBIHIDLTIT, MEEMBIDNUT. Bf RO A2 O IEE- CBAObE ER_THVET.
oY NG ND HRRREE C =T olpa RN B E Y —RRBVIRE M AAIC A RIS 5. THETIAGELIILET,

D
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> o Y r .r\

e
— ' HAL lab.axolotl




JKEKTOD 7ZRO— LD RU—FXA> b u
BHIFT. HEDMELNZE#ES 7 elEE

EBORICEZNZENWEYE (EF_BEDOIR)

s 18~20°C (7B A ) oL
18000 mFHEK
» 16000 m Kl RRIER)
14000 mA4Y/ ¥ (1/200)
H 12000 ®0.5%:57K
& 10000 m 1.0%57K
= 8000 m 3.0%8 7K
= 6000 mAMLT A
4000 i j mR=YY>
FE¥VYVE
2000 )
| i LD L LREAE R AL o al el al ol o 2287208,
SRR EEREREEREEEREREREEEE
<3 3§s TEF:ifESEEREOSSEREEE
§i2§% g3 EE§S 9vETaooga<icg
S : S & § = . <
3 2 S 33 ¢ ~
° N
2 g @
= ¥
75 L1 LR FH(KE) HE(HE)
HE oE
sg  AGHADAE &SRO (SE) 055 AGEKRCAENSRBIER (2E) - Ktk pH (£H)
26 _ s
:%‘2‘ E 0.5 73
i fg | 045 z 7.25
mg 16 7.2
714 ha 0.4
12 o = 7.15
10 0.35 7.1
48 A 5H A 68 a8 sH 6H 4B sH 6H
- SR (°C) 7R (°C) | R TeyeE— | | g |
48 5H 68
RIEE | FHLEE | BAME | BB | FHLEE | BAE | REE | FHL8E | RAE
il (°C) 17.2 19.42£0.31 | 217 143 |16.86+0.28 | 209 18.9 23.27+0.47 26.9
K2 (°C) 14 16.13+0.36 | 188 149 |1859+0.36| 223 15.7 21.79+0.59 26.4
%BiEHR (mg/L) 0.3 0.46+0.02 0.7 0.2 0.47+0.03 0.8 0.2 0.47+0.03 0.8
pH 6.8 7.22+0.03 7.6 6.7 7.25+0.04 7.6 6.7 7.20+0.04 77|,

16-7: KEKPORBEIER, IRINLVF—F—DHRK, EE, pH GEDHERFELD 1<




SciMoun

[#8R] 7HRO—kILEIAILARER

Z: KU B FNZKF, HIT HEE 234

“NPO BRI IL—T_NILTHR (7—/I—I)L—I—BFRE), 2 RRKFE, > FHKXE, + (30-7H/00—

L=
AF LY ZTUF— (Ambystoma mexicanum, LA, 7HRA—RIL) (F. S<HOHARLHRABORRELGS>TEL:
HEETHD. TORREB(ICEV T, AEPCERFBITI T HHEHMENLHMONTEY  ERIC/NILIHRDIRET
LZFDBFIMEHINA TS, L L, BIZRZBWOAILAMEKRELE - MEBICHEET HIELEE2TNTIIGELEL,
VAINRBEEITHT HEMERRITROENTLDA, HLITHYBIEEDOFEREEEL, RAGVWIRIDOEFES
FHEERIABBRTEILEF. BADT—/N—ZXYKYIIETAHHDMITIZEEES5, VAILRIZET S
[T, 7HRA—FLOELPCEENRFEEZIRA S LTHIEETHY . MEAREE S TIIHATERVRROAERICE
DIENBD,
ZO—RELT, ZRA—MLUIZEITDEREEDNIILARIDFEEZHEZRL. TOERIAFDOAREEDHLHHEEIZDL
THE-AREEDTE CNODMEEFLREICHIN. VANV ADEEESHTTRA—MLEERETHIL
(. EEAROALELTHBECREICBEVWTHLRELEREH DLEZLND,

@@@@ AL DL T, PIEE BB T, SPIRO 5 5 OO B8 CHhobs L TEYE T, WO SIS ST
5 e R TN Sl A IR0V EEY . —RETIRE R A G A ST IS ST, TOBEWE LT, el
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1. 7HRu— FATHEINTWSE U L L RERY

1. Ranavirus (7F+ 9 4 A R)

o WMAHETEDIKHONZITVANA, HZIARH v a vyt R THEEHH Y,

o fER: BYETEELEo I, FE, SHMAKRERDY. BIAR, BIEERTEI®-h EEEs LD,

o T KEEEZNLTCASDICGE, MEXA ML APHABTEEOS S CRAEY X 71,

2. Herpes-like virus (VR 4 L R)

o T=AN—n—N"—DHREMTOIHRED Y,

o MEWR: BENZE (GEEL. B#E) . FUEEPRREZE, 2R R R L ARERED,

o L BRERT 2B 0 IERSHR CHIFE T BEHERD Y X7,

3. Bunyavirus-like or Rhabdovirus-like

o FEEMICHI I NWED D 505, BRFEEGIZ V7% < ERITS R,

2. RRYLRRRE

o IKIENDIEKZ A L 7 KRR T,

o CHTHUEARDE AR ICRREEE TRk T 2L VR BEE B,

o JHAMRCHRIYI 2N L 2 EHRIES D B 5.

3. EERRD ¥4 v

BT RARERD (18RS

o FNEEE. BB, AEROFME

o KETOFZPHZOMX

o SWBILTHID H B DT, FHINIGHHEE

@@@@ AL DL T, PIEE BB T, SPIRO 5 5 OO B8 CHhobs L TEYE T, : .
5 e R TN Sl A IR0V EEY . —RETIRE R A G A ST IS ST, TOBEWE LT, et

oo Y
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4. BHE - PHXNE

1. Feik & HrRMEAEE

o L WK 2~4 ;B FREEE L,

o JERD 2 HE RED Ik,

2. KEREEHE

o BHTANFKZTEADNKERER,

o KM DIRER & K & g IR IC R,

o EAKIRIETANABEIED Y X7 238 % DT, iR (16~20°CREE) ZRD,

3. RIJEDORHIFRR

o HHOBZTHRE, B, KFORILZiLHK,

o HEMBH NIz FIICEEE i HHEK,

4. A - BE

o HWEpHETESEIILAL (JAALREDD) |

)
[L
ff:‘["

A (IR ot LT iddidglcontils 2z 2 &35 3,

o HIENCLKRERELED D LA, BHELOMNENIC DR D,

o KEL7KIL - KE - GBI MERI T 5 C L B THIDEEA,

o FEEMAIZAKRANOIREMARY 27 #F L <. ik R 2,

®A Vb
VAN ZEGC L BEREFBD I [BXTuARnr L TIEARL ., BANTHRERMEZ LR L o TWAEEA] 8% \WT
o BEMICHERCE RS, RHICkERE - KEEM - REEFHAAETZ PR EE

bIbrobFIFELL IO

@@@@ #EMIE DL T, AIFCMEC U T, SF%ROH 20 188-Jihobl Ehl THYE T, % N o
BY NG ND se— Ry g T E T ol A MERO EEEY . —REVSERTE O A G B BRI 51T, TOERAELVELET, e
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FTha— A (F—=N—jb—o3=) ITEITF BT 4 NVRBRISE L ZDONNEICONT

Thu—FACBITBEERY 4V RERGE
1. 5+ 9 4 A x (Ranavirus)

BB KB DNA 7 A V2T, Wi, #OE, RRBICERRL £,

o JERYUERR : KERBIEZN L TRIEL. BOBRMAEF T LAY £

o JER : StETIRIDM, FE, FEEY, BRARR EBRoNE T, BHEETIEWw KD LTS L
bdHYEI,

o B  HUE. RAESLTHIV 273D A
o W :KEOEH, BYEAROMREE, —REEDFHiAEE TS,
e 2% : Cornell Wildlife Health Lab

2. ~NV_ZET 4 V& (Herpes-like virus)

B v — - — - RBALH O HE I LT T,

R BN GBS B . DEEPURZE., BN 28ET L ARERDP AR ONE T,

BEEE  BE, R s Y e A,

M - ERAE R ORREE, BREEOLE. REN D SR I N E T,

2% : Axolotls - Health & Diseases

FEAR & 2T

o  MHEERR MM, FEE, AERELD. BRNR,

o MBHSER :Wwo b LME, KEOEGLEE,

o BW: U4 LRBE (PCR%AY) SREAMEIRE S GE T,

Ry nid 7]

@@@@ #EMIE DL T, AIFCMEC U T, SF%ROH 20 188-Jihobl Ehl THYE T, Sy
BY NC_ND se— Ry g T E T ol A MERO EEEY . —REVSERTE O A G B BRI 51T, TOERAELVELET, B

o N
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1. FEREOEHE
o JKEEHE : FRTACEKRZMH L, EMR 2K ZIT )
o WEEM @YK (16~20°C) ZHFRFS 2,
o WIWOMHE : B KZHCD, BECFOHELRIKT 5,
2. REEA o Rk
o [RMEHARE : HTHLE AL 2~4 HREREEEL . BlZ3 5,
o JERPHZZBZE T CIKBEHEL. FMKICHHKT 5.
3. ZXRBHED T
o PAEHOMER : MEERLEDON 255G, MEMOEED D & Tl 2,

o HEADREL I RKEMOFEVEHEG A, XML R2R/NRICIIZ S,

SR

1. Cirit, S. S., Deniz, S. B., Cirit, B., & Bayraktar, A. (2025). Management of Hydrocoelom in an Axolotl

(Ambystoma mexicanum). Veterinary Medicine and Science.

2. Krause, S. (2023). The Effect of Dietary Nutrition on the Regeneration of Ambystoma mexicanum. Biology

Honors Papers.

3. Takami, Y. (2017). A Retrospective Study of Diseases in Ambystoma mexicanum. Journal of Veterinary

Medical Scrence.

4. Slight, D. J. (2015). Are Mixed Diets Beneficial for the Welfare of Captive Axolotls? Journal of Applied

Animal Welfare Science.

WYE

1]

T AN RERYE ZHIE, RS vz o, REIFER L@V 2R EREOMF R b HE T, B EEb I

LG, EerICHEMFKICHHRT 2 L 2BE0 LT,

@@@@ #EMIE DL T, AIFCMEC U T, SF%ROH 20 188-Jihobl Ehl THYE T, Sy
BY NC_ND se— Ry g T E T ol A MERO EEEY . —REVSERTE O A G B BRI 51T, TOERAELVELET, B
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bIbroKFFLL!IQ

NIEHED 7 4 L ZBEEFIc DWW T

RTZEM: Y 4 A R BEF & 1 ?
TANZADBIGETDO—HA, EED ¥/ . DNA iKYV AT CEEI NEZD O,

FIWIEFE 7 A LR (L a vy 4 uR) fkB% v, i, 74 VAP0 ERTHE D RNA %
DNA (SR U< ERERICHZA SR 2 Fio -,

RWVIELDBIECT, v A VREED (BRT ) LniciKko7-] b otz A TRz, TED

[ATEMERCS) & LR 6N D,

FIZERHIC B 1T 3 NTEHE Y 4 A RECH
FE P A I HEENY) 0 T b R VORARICALE T 5 720, WFLE & 3R B U A4 v IR & FF

S TW5,

WiERES 7 17> 5 (3, Retroviridae (L b7 A V2B % Parvoviridae (SARY A V2R ik
E#F 2 b s NIEERYI Sy T T 5,
FRCm AR R O RRESE 2% <. LR TEHRAE VA VAR 2D AL TE R LHEES N

TWw3,

74 82— b2 (Ambystoma mexicanum) DEE4]
o 20184FICT 7 4 (32 Gb, AHD#)10 %) 23fE#H & 7z (Nowoshilow et al., Nature, 2018)
o ZOofEfrc. REOKEES (F 7 v ARV VLHNEEY A VAEF]) 77 ORI E ED TS
ZEDBHL DT 5 Tz,

o FfiZ Gypsy & (LTREIL Fu bt F YRRV V) | LINEERE PHEICSE O,

o INLOHRITIFVANARIFEEEZEZONIWMINBRLEETN TV,

o WTEMEY A L RECHID—ERIE, BInFREHFHE L ESEICBEE LT 2 iIREMEIRR I N TR 5,

@@@@ AL DL T, PIEE BB T, SPIRO 5 5 OO B8 CHhobs L TEYE T, 2E: Lo
5 e R TN Sl A IR0V EEY . —RETIRE R A G A ST IS ST, TOBEWE LT, Wi’ >
> At ab.axolo




o Bl WHFLECIIWNIEML fa v 4 vz (ERV) 2SREETE R e el filic B & EH %2 512 L C
BY., 7Hhue—FrATHFEED [FIH] B > T3 0ERED LTV S

RELEE
L. L DIRHR

o YOWIC, EABRTANARHERICRE L Ch kR T [HTLE] FETE.
2. BiEFHEHOHE

o WHEHYANZADToE—Z -y VY=, BFELETFTOAALyFLLTHHEINSZ
EbH 5,

3. RBEFHIRE

o WHEMRAINDOEEEYC X v X7 WiH 25, 7 A N ZEGITH 2 GiZInE 533 2 L2035
50

4. FHE L OREE

o AMTRANEEL by AL ZOEHE LB ACHCRIEERELEET 2 Z e oNTE
b, AT HREIHE L T B RS D 5,

SE IR

e Nowoshilow, S. et al. (2018). The axolotl genome and the evolution of key tissue formation regulators.

Nature, 554, 50-55.

e Metcalf, C.J.E. & Biek, R. (2016). Viral fossil record identifies multiple origins of endogenous

retroviruses. PLoS Pathogens, 12(7): e1005990.

e Katzourakis, A. & Gifford, R.J. (2010). Endogenous viral elements in animal genomes. PLoS Genetics,

6(11): €1001191.

e Gilbert, C. & Feschotte, C. (2018). Horizontal acquisition of transposable elements and viral sequences:

patterns and consequences. Current Opinion in Genetics & Development, 49: 15-24.

@@@@ W ERIICDL T, IS MELECT. SRF0 H 20 {8E8-JHhobl =L THEYET, 9 St
BY NC ND s — R EEE C R ol g SER B RR Y — RV IREE A G H ORI 511, TOEEERGILET, : ’“ o
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[LEe by RE)OELCHZEEYE  AE>L e + £ T)

L br 7Y RKY Y (retrotransposons) 13, RNA % Hifiifke LCHE% 7 / ofica —&<_—X T
ZEBRTCTH Y, EL 2 E U CERAEMITEEIICIFES 52, UM Tl S 2 oMiEHE, Bilgr g
Y (R . Bl (vavvaysx) WM (YR B F) KESZETOL LT YRRV Y ORH
L, REM T — 2= 2ERE M L3 %,

1. fARIcBY2 LRI VAR Y
B8 B : €777 4 v a Daniorerio) D% 7 LiZiE, Gypsy * CopiaBILTR L buE FFVRFR Y vEBIW
LINE BEEBAEEICHFET 2, €777 4 vy ay /) L0 10-20%0°L b a b 7 v 2RV vEkE S, Fic
Gypsy 7 7 3 V) —DiEERE W Z EBHE I N TV 5,
o Hi#: Howe K. et al. Nature 496, 498-503 (2013) [The zebrafish reference genome sequence and its
relationship to the human genome |

o fRFEMHF] (Repbase/NCBI GenBank) : Gypsy-1_DR (Zebrafish LTR retrotransposon)

2. WASICETHL IR RV RARTY

7 ua— v (Ambystoma mexicanum) *° 7 T (Xenopus tropicalis) 7z & DA IO CKE T/ L%
bH, ZOBRORE IV e b 7 VARV v ORKEMHEIC X 52, Ffic LINE/L1 ER L Gypsy # LTR 28
BHETH 5,
o Hi#i: Nowoshilow S. et al. Narure 554, 50-55 (2018) [The axolotl genome and the evolution of key tissue
formation regulators ]

o fRFEMHIH]: LINE/AmbystomalLINE1 (GenBank, Accession No. KY594036)

3. BRRICBI B L IR 7 VARV Y
HZFBERE (Saccharomyces cerevisiae) Tli¥, TyBRLIFIINS LTRL a7V ARV v HIb L5, Tyl,
Ty2, Ty3, Ty4, Ty5 O 5 FEBEEL, 7/ LHFEDOET L E > T b,

o Hi#: Kim JM. et al. Genome Res. 8, 464-478 (1998) [ Transposable elements and genome organization:

a comprehensive survey of retrotransposons in Saccharomyces cerevisiae |

o fRFE[AHIHF]: Tyl-H3 (GenBank Accession No. M18706)

4, > avyVayRNRTiBIFBLEIRFIVRERYY

@@@@ W ERIICDL T, IS MELECT. SRF0 H 20 {8E8-JHhobl =L THEYET, et
BY NC ND s — R EEE C R ol g SER B RR Y — RV IREE A G H ORI 511, TOEEERGILET, B

o N
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¥ A vy avYav AT (Drosophila melanogaster) D77 /7 LiCiE, **Gypsy, copia, P-element (DNA #7223
BRI IE %50 e K4k L b r b 7V AR Y VYBMFEIET b, FFIC gypsy IZNTETEL b e v A4 L RITiERRT
H Y. HEBICHZE FEIE TR b E R 52 5,

e Hi#i: Kaminker JS. et al. Genome Biol. 3(12): research0084 (2002) [The transposable elements of the

Drosophila melanogaster euchromatin: a genomics perspective |

o RFEMHIH]: Gypsy_DM (GenBank Accession No. M12927)

5. ¥ URCBIBZLIEB T VRRY Y
< A (Mus musculus) 7 7 5138 40% 25 7 Vv AR Y VKT, Z0ES5UERL YO F T VARV VTH
%, ¥fic LINE-1 (L1Md) & Intracisternal A-particle (AP, LTR ) 238 & <d v, RAECEEBRIC LS
35,
o Hi#i: Waterston RH. et al. Nature 420, 520-562 (2002) [Initial sequencing and comparative analysis of
the mouse genome |

o fUFEEAIH]: L1Md-A2 (GenBank Accession No. M13002), IAP (GenBank Accession No. AF303453)

6. EPiCBIFBZLIREFI VYRRV
b7 LD 45%IE T AR VICHEL, D9 B LINE-1 (L1HS), Alu (SINE) . HERV (e F N7E
Er ey Arr) 2BZREWTH S, Fric LIHS FREDEEZES . kMo R LEEBICES T 5,
o Hi#: Lander ES. et al. Nature 409, 860-921 (2001) [Initial sequencing and analysis of the human
genome |
o Hi#: Kazazian HH. Science 303, 1626-1632 (2004) [Mobile elements: drivers of genome evolution |
o RFEAHH]: L1IHS (GenBank Accession No. X58075), AluYa5 (GenBank Accession No. M42026),

HERV-K (GenBank Accession No. AF164615)

LEa b7V RARY VIZEErLb e MICES ECEENICHEEL, ELBRIcE T 57 L9 4 XDZAl,
BRI, REFEICECBEG L Twd, ETEYTLIC® AR5 L e 7 v 2Ky v ofRFEfHl & DNA
SIS L i E N TE D, 2o DRI H T/ LBEBEMRIAICET CH 5,

@loElo) HSIRIECOUTIT, IS BB LT, S92 00 J88-C BAnbEERL THYE T, |-
T R R ST PR Y. — BBV IRE A NG SRR R, TOEEARLET, B
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bIBbroKFFLL!IO

Tha—FABRRELTCVWBL B FIS VYRR ViICDONT

1. 7hu—trF 0Lt VvREY Y
o THEU—IADT ) LIFK) 32Gb LIEHICRE (. AR 4 (3 Gb) OfT 10 fFICHE L £
o IOBEARLY/ LD KES (>60%) BREERF THOLNTEY, 55 LERFIVAFYY
(Retrotransposons) 23K ¥ &G % o TnE 3,
o TICRD2FHOL LUt 7V ARV VYRR INTET ¢
1. LTRE (Long Terminal Repeat retrotransposons)
*  Gypsy %. Copia &7z,
» VANZKROWER b b, BHEHRC 0T T - FOBEETEED,
= THu— ATk Gypsy ROFFICEE,
2. JELTR#E (LINEs)
= LINE-1 (L1%) % &,

= HEMICaEY—&_XR—AFTEI3REVERT, [HE7/ LICEFEHAINS,

2.LTREL }F v } 7 ¥ RE YV ORH
« Gypsy % LTR
o Milfitic RFRMWMRERS] (LTR) %¥Fb, LTR HicFus—x—T v v —HEERHZ %,
o Tva—FINDELETIE. gag pol,env (env 1F—I 7 4 L AR RGLRHE) % &,
o Tdwm—1tATlE, Gypsy £037 / L TEHEav—3h, BB FaFICHAINSE Z LT, #Er
TFEBFE P E L RIS 2 BV H 5,
e Copia% LTR

o Gypsy RIcH~5 & A7 25, FkkIc LTR ZTRIC b 5. WiESEREEET % &,

3. ELTREIL b } 52KV v (LINEs)
e LINE-1(L1) 2%, BEMNICY ) LATa Y —%2#P TN 210,
o L1 #FE|3 ORF1 (RNAKEA X v-t7) ¢ ORF2 HEEREE - TV FXZ7L7—%) %a—F,

o Thu—FATIE, Zd LINEs v —2%7 ) LCHIELTEY ., 7 L34 KO FEERDO—2 L I3,

@@@@ H BRICOVL T, AT BECRUT. FPIRO S = 00188 C HHobs L THEYET. Loy
B e R TR SR R B Y . —RIEVIRTHE Bl G R SRS B, TOBERE VILET, B 9

ST
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4. v rmr b I VRRY VOBBHER

1. 77 niEt~0FE
o FWAZERLav-—HBEMCI->TY /) o494 XeErZtse s,
o WEEY AL ZEH (EVE) & LTEEICEKS LD H 2,

2. BIETHBROHE
o LTRHNOZ7RE—-ZX—RT Yy V¥ =20, GtHEETORBICHEET G615 5,
o FACHAIED BT OEEHIENCE S 3 5 AlREEARE I N5,

3. RE - RE~OXE
o WMLV PRI VARV VA, RNA L L CREEBINTHEORIEKICE FHES 262D 5,

o UANARBRYPELCHABBETOX L AINELEDbZZELEZLND,

5. Brgel & EHIER
o U/ LfEHTIC X 2T, Gypsy % LTR ® LINE R D 2 ¥ — BB TR CHET 2 Z L AME IR Tn 5,
o EMZEIIHI (GenBank & fk)
o  Gypsy-like: [Accession KY594036]
o LINE-1-like: [Accession KY594037]
X7 72y va vEFESRFRAT — & <X — 2o RFEH)
o BEIL:
o Nowoshilow, S. et al. (2018). Nature, 554, 50-55.
o Smith, J.J. et al. (2019). PLoS Genetics, 15(8): e1008052

o Metcalf, C.J.E. & Biek, R. (2016). PLoS Pathogens, 12(7): e1005990.

@@@@ W ERIICDL T, IS MELECT. SRF0 H 20 {8E8-JHhobl =L THEYET,
BY NC ND
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¥OUEMEHE: Axolotl 7 Aol D E LES| o (Hi8k: Nowoshilow et al., Narure, 2018 £ b)

HEE (Abstract)

Yraootii, RECEE, #EOMETER-EECOREBMNETLTSHS. BIAxa¥Ivy
#— (FHB— k. Ambystoma mexicanum) (. FFLRILTORRICEALY—ILNEET. KENLTE
TILTHS.

SE. R FXFHEEALHLTHRO—FLOY S/ LE, RERIO—F2A, X¥EIvELYT, TLTH
LWws /s LFE75 (MARVEL) ##ashbt T L. TOBBET, “5/ L0727 (=Fch
REAEDUEELETY / LERMRSELER) &7, TORE., 41 > rorPliicTFREEAXE
{HAERLTEY., CARECRRERSE (LTR) LFOZI LAY FOBERICELLOTHILEZFAGNS. &
LIz, RECHEDOIBRETOA Y FAVH A XIZIREFHSHY ., BBAOCEGFHFAEEEEICEL-TIVSA
REMELREN, BRENI LIS, ThRO—FLOY/ LIZZSAOREBETF Pax3 2EFEATLVELN -
f=o LIPL., Pax3 Db VUICPax? #ERSERLETA, TOATPax3 " P Pax7T " OERBTRoAD LS
HERBERLNRN:Z, COF/ LR, BREPREORRICER CRILOWBERMET L.

#3 (Main)
Hoiahtit, ENPHETRVELEE MM THS. Spemann A LHF 4 F—DRE. Sperry
OEFZFHE[OWEICLELATE -, 1768 £ Spallanzani A ECEEOCHE#REE L TLE, T0OE
BMUBERAISFLANLTELEAChTE.

Ambystoma mexicanum (B 1a) | von Humboldt A6 THRE L., 1864 ENSISHETHE A, HO
YIRS 2L OEOERHERER. R -0 DBENEFRRTELETILTHLS. MIEHFHET
HE, BIEFHEAPCRISPRIZEAZER, DANALGEQOBARELE-THEY., BEORTICH Sk
CETOHTFEBORRELAETHD.

FHhO—FLETLE+SICEALT. GEfhomEEDNTIEENGHBEZAIONEEBTIICE. 7
JLORAEHPHRIEERHTLLENHL. LL, a7 d0s /s LIFFERIZREC (14~120
Gb) . REEEL V=, REUTETIVEMLM o=, FHRO—FILO32Gb 5/ LIXE RO S
LO#HMI0ETHSE. TITSEIE. COY/ LOESIRE I HEL-.

E&IB [ES

@@@@ #OEBIHIDLTIT, MEEMBIDNUT. Bf RO A2 O IEE- CBAObE ER_THVET. Al = .
TR R EEE C E T ol ada S EHSY . — eI E A TR PRFIBEE. THEFRRLILET, QWHALI';\ i
et ab.axo

otl

R
>



AR

@@@@ #OEBIHIDLTIT, MEEMBIDNUT. Bf RO A2 O IEE- CBAObE ER_THVET.

T T YA X (Assembly size, Gb)
g/ LENE (DEEFEhEER] OBTA X, RREOT/ LY XLYKEN Y
WEh2=UTFHIELBY. V- APHEALTOHEOEEEZRITS,
& J L4 X (Genome size, Gb)
EUHNFEEFOTLEEST/ LDNADY A X,
FH=HA A PG EORBLERNOEBICHEE SIS (FADY 4 X 1ZHEL,
g8 (Chromosome number)
FOEMAEORBEEOFRYE (FHEEEELER) .
il : £ RI& 46K (2n=46) . ThRO—FLIT 145K,
is—4r A HiflF (Sequencing technology)
EDU—r v AFEER =D,
Bl -
- PacBio — REEF /o IE=HK L —F¥—
-lllumina — EEEFZAHESSVE_HR L —F7 i —
- #%< w7 (Optical map) — K7 DNA #HF R L THRAEHET SN
- Fosmid DiTag — REOOGAY 2T 5FE
Hisilrw i (Coverage, x)
F/LEFHCHLT IEYLTERRAEDS) £RTEE.
il - 32x%E 5, S/ LAEEY RES—SVALTVWAILEERT 5.
ALy UhBENEEFTETUREIIR L HER.
T+ 75 (Assembler)
Bohl-L—F R —FEDEFEHETY / LR EHMET IV IFDIT.
{5l - MARVEL, ABySS, MaSuRCA & &.
32T 1 4 N50 (Contig N50, bp)
M uFad (WG 2ENERT) | OREAMERTEE.
BRI ERVBEICHEAf-LE, EERODS0%EHA—FTEOBEGZI LT VOERNE.
EAKEWZE TRV LT IAEV=HALTHENELY .
3T 4 7# (Number of contigs)
TEuFUTRohizawT« OB,
HHLGEWFERAAEYR, F/ LA FE(2EA2TINS,

HRRREE C =T olpa RN B E Y —RRBVIRE M AAIC A RIS 5. THETIAGELIILET,

BN
HAL lab.axolotl




s+ RF¥ TZ4—JLF N50 (Scaffold N50, bp)
AF w724 — L F=8@ 802 T s FEIEFIIT - AEFEROTES=L D,
AT NSO ERLEAAT, LYXKEUBEETFET S5E.
ENAKEVEE TREBRITEVWRETO2UN 2TV .

s AF 74—l F# (Number of scaffolds)
T TYTHRehEATy 7+—IL FOBE.
HALTNEE, FRELALICAEVWTEX TV IZE2TVAS.

¥ )
e [FTrEZIFUGSZ L (5 LY X)) [XEBEELEIEODEL
e [avF44) TZAFv 21— F] TBRFO LAY OER

o NSO F7ETVDOHENLZHAENLIEE

RIEERT %+ - - KRS / LR

SEOEME. ddREOQTHRO— L (H1a) OF/ LEFIEELIETHS. CORMIEL. S4T704
—CUTOMRICERNTHS. 326G EVIKELT/ LEHALTIOEHELLVOT, PacBio BET 118
1,000 BADRAHEF (32xhsiLw P NSO &MY & 14.2kb) ZL—4 A LT EEME 1) . REE
JlEES Z&T. EVEANTREASTLWEEEBRLH/A—TES (E1b.c) . #isli, RERINEE
OEFENMLDDZEMTHET S 7L AEMARVEL #MR L (HEEE2) . Z4izEY., NSO
218kb DA T4 VEEDI LN TER, TOE. 7O lluminaBHII T T4 T O 1%DIEREFEEL,
09.2% L EDFMEE® (B 1b) . llumina T—2 M old, ~TOESRT 04T EEE Sz (HEHEE
22) . AVF A ERAF 2 74— FibtT B1=thIZ, Bionano Saphyr YA FLTHBE T v T~ (HE
HWiR23) . ThicEY., —HOFAZ (1.7%022T« FIHFHE) #MBETE, NSOIZ216kb & o1=
(E1d) . BEMICAFy 7+ —JLFENSOIZIMbICEL., fliOXELSS /L (FoEROTOY—s3A
L) EREATHEECEESEMAEL (F1) .

LTR L FAI LA > FOHEE

FHRO—FLOBEETHITMONESHEBHEZERALTHEH. RERNEZEHLL{R: (HEWE
422,423) . REEIES 7 LD 65.6%. 186Gb 4%, BIRFAMWMEE (LTR) LrAZI LAY FPA
EtEL O LANEL, 10kbLEDRVWERLHY ., HALTHFHLVERATHS. R, 97%02 >
TAYELTRTEDL>TLWELTROBRHAEHEASE, BUB S ARV UANERT, TORERERLT
mMAgATWLWAI EAtbh S (H2d) .

A0 OPRIEL22759bp T, EF (1,750bp) . ¥R (1,469bp) . HIJL (906 bp) M 13~25
BISEXLTLE (H3a) . EL, REBETOS > FOY S Zi2EESRRARY, BRELETR
AREIE S EMEAGR D,

(DO ¥ BRIECOLTIE. AEE LB ELT. BP0 B4 00 198O Hhobs SR THYET, R ‘avNy
ST | SRR A SR 0. VIR GRS S TOSERR LLET. | LR
abp.axolo




Pax 77 = J— D&M
Pax 77 2 V) —EEEFOEMTIE. PaxT EH oA Pax3 RO odim -t (BE3d) . £FZT. Pax3 M
#HAE%E Pax7 #{E- TLA MM £HF~ 1. TALEN %> CRISPR T AmPax7 2 ERE &3, YIAD
Pax3—/—%* Pax7-/-OERFEICL-BHREELEE (H4)  ERFETIIOEHRASEEY. FEHLE L.
mEEHECeETERORBLEES .

BEICHHARRNORET
F/LT—2&@EST., LATO mRNA mRNA T—2 #BMTLE-L 24, EREHHDMETIZHFET S
BIEFH S 2RI o, CHICIIRERBESPLYE 772 —0EFEh, DEBETEELRBEESLT
LWHAREMEN S L. SLIZ/NHRNA LEBHL., 22E0H L mRNAMBES LT,

EL )

SEOFHRA—FLY /LT T)T, EXRY/ LOWEE., LTRIGEOESE . Paxd L& L Pax] OBEEHLR
fibhhof, RERELEY YT, MRVELTELX IS EEAEHE ST LT, FRICKE{RENENF Y
LOBHLARETHEI EETR LY.

A& (Methods)
did Fiho— FILORFEE &£ 9@ 5 DNA £l L. 10~20 kb @4+ X T SMRTbell 54 75 ') # 50 B
fk. PacBio RSII T —4% A LT=. #%~¥ v E > 45X Bionano Saphyr TTLy. RNA (3 22 SBE0H8EED
LT lllumina TL—4% A L=, P27 MARVEL £ 1=,

T—%FA

FHA— kIS LTS hitps://lgenome.axolotl-omics.org

Frh s FSwAS1) T =L BLAST F—42 A—X : https:/iwww.axolotl-omics.org

NCEI BioProject: PRINA378970 (4 / L) . PRINA378982 (RS A9 ) T F—L4)

NCEI Nuccore: PGSHO0000000 (4°/ L) . GFZP0O0000000 (R3 wA42 W T b—L)

QOBGE) | 8BHOLTE NS LBLRUT #5050 188 BAOLE R THYET.

HRRREE C =T olpa RN B E Y —RRBVIRE M AAIC A RIS 5. THETIAGELIILET,




Genome assembly strategy

PacElo kong read sequencing
Contig asseﬂm/wmt MARVEL assembier
Short-read based em:' corection with Pilon
Opticalmeosaﬂolda:dcnmcﬁmcmnms

a Wild-type d/d b

c Repetitive regions d 2285
57 kb long PacBio read that spans large repeats ‘%ﬁ
====_ Smaller PacBio reads that truly overlap the long read 100

50% In contigs
2216277 % 909 in contigs
> 56,881 bp

10

Gontig length (kb)

0 20 40 60 &0 100
N(x) %

Figure 1: Contiguity and completeness of the axolot/ genome assembly.

(Hi58: Nowoshilow et al., Nature, 2018.& Y)

a. HFER7HRO— kL (A mexicanum) &, =R ENf: did %O A. mexicanum,

b. 7L TUBRIE, AT —Fo—S R RADOT7+£>75 (MARVEL) . T5—HE. BLURFYI+—LT14 27
ZHHABDOETLS.

c. 57,385 bp @ PacBio ') — F (k) X, XRBCGREMR (F LU PTRY; BREOYE—FIR34kb) EFLLTEY.,

FTIRRLEMOA LT ) —FEMBBHEDET. CORGFEOTLUTUNTRELD BLOROBHFIET IS4 A

YrORRERT, ROBGFEICHETIIVE—FIEBT A AL MERAEATVS) &

d.Nx)7ay &, 7 LD55 xkb R EDI VT4 IHREHIME (x¥M) ZRL. yBRETONEERT.
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FAIEMRER (Figure.1)

s Wild-type — FFER

o did —did (EEH)
b {Genome assembly strategy)

+ PacBio long read sequencing — PacBio RIS r—4 A

* Contig assembly with MARVEL assembler — MARVEL FE»JFJI2 L5030 T4 THALT (= E2EFEbheET

FOLERREIE SR

» Short-read based error correction with Pilon — Pilon 125 S EEEN @ o -REEE

»  Optical map to scaffold and correct chimeric configs — RFET v FERNEAF v I3 =L FLEQ T VXA TEE
¢ (Repetitive regions)

» 57 kb long PacBio read that spans large repeats — 57 kb @ {40 PacBio i25| (KEF G EEREEE L)

*  Smaller PacBio reads that truly overlap the long read — & & %L1 PacBio it% (BRI ER-E4 L)

* Repetitive regions — E48 5

« 10kb— 10 kb

*  locus AMEXG 0030008007:507416-563866 — HETFE AMEXG 0030008007:507416-563866

» Contig length (kb) — 32> F 1 & (kb)
# 50%incontigs 2 216,277 bp — I 2F 4 M 50% A% =2 216,277 bp
*  90% in contigs = 56,881 bp — 2 F 4 FM 90% A% = 56,881 bp

o N(x) % — M{x) %

@0 S ERILCONTIT, ML SBICRLT, SPIRD S 2 OO 1882 Bhobr SR THUET, Ry
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£1: FhRa—kb, w74 FbvE, BTAY—=RAL DS/ LTEL T HE
(i #: Nowoshilow et al., Nature, 2018. &Y}

FHROo—FkJl- (Axolotl, 74 F b7 (White spruce, 070U —si4 2 (Loblolly pine,
- Ambystoma mexicanum) Picea glauca) Pinus taeda)
324
TE»FUHA X (Gb) 24.6 206
(5E 284G AT 440
&7 LA X (Ghb) 3z 20 22
REEN 14 12 12
Loy L X H PacBio : v w7 Mumina ; cOMA llumina ; PacBio ; Fosmid DiTag
Hhilbws 32x G5« 68« lllumina ; 12= PacBio
FewTS MARVEL ABy5S5 MaSuRCA
2»F 44 N50(bp) 216277 6,644 25,361
QT4 TH 217 461 5,252,080 2445689

Ay Td—JLF

3,052,786 54,661 107,036
NS0 (bp)

A¥yT7+—Fl 125724 3,033,322 1,496,869
Ml : SEMO RN

» TFikA— kL (Axolotl, Ambystoma mexicanum)
AFLOFEOHEET. BEOLR. BHGSEEETEIRNESED. BE - BE - HEOBR
2B IT 5 HRAETILEI.

s+ HRI4 FFIE (White spruce, Picea glauca)
Itk (hFH - FSAH) TELSTT HHER. EHFHEHEMATLIEEHET, HAPHRAALTO
BHELTEE, BFBTIE F714 FFoE) EFiTha.

« 0OZF0OY—siq 2 (Loblolly pine, Pinus taeda)
FAVDFAREBIZAMT HREQRL. iR, LXTRLEELHERMAEHHOUV L2, BEP
HALTOEEIR < FRERS,

@0 S ERILCONTIT, ML SBICRLT, SPIRD S 2 OO 1882 Bhobr SR THUET,
TR | SRS A IR Y. — SV R GRS EE. TOEEMRLILET. | R
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a Axolotl b : Gypsy
Sypsy | Metaviridae
3"% Mag .\ J
B DNA \ \
B LINE
B TR
I SINE
Satellite . 'T/’ :
Simple repeat Del-Pa —
Retroviridae 0.7 sggsg;‘:'ons
c Repeat length distribution per LTR family d |
16 = o
@
S35 14 g 0.8
§é 12 c
o &, 0.6
520 5
£ § 8{ ! i — -+ = 0.44
g5 6 F - & 3
-° 4 T = E 0.2
2 ° ™ g S T ’Q @ T - -0 o_‘ - : }
€ & 2 § g‘é as &3 0 0.1 0.2 0.3 0.4 05
3 e i) ‘% (&) g 6] @ = Kimura distance (no. subs per site) of LTR retroelements
[}
E -
Retroviridas _g 2
Q

B2: 7RO—FLOS/ LIKIXLTR L FAILA Y FORBBENROND
Figure 2: The axolotl genome contains an expansion of LTR retroelements.

(4 88: Nowoshilow et al., Nature, 2018. &Y )

a. £ E—FOEE (LINE : REBMAEREAIL A, SINE : EESESHAILAY N 27TAHTS7.
LTRILA L MHMFICRETHSZ DD S,

b. ZRO—FLDLTRILAY FOINL—T (R) &. GYDB20 DL LTR TL A L b ELLEL - R,
FRAEDOTN—TEET, FRLELOTIL—TXRETRT . Erantiviidae (#) . Caulimoviridae () .
Athila/Tat (L2 2) OV 7 3 ) —XMBEShiEh o1,

c.LTR 773 — (ERVL: REA%L FAIM LA ORESHHERY2ATOY bTRT. Ry 7 RTE 1 @5
I, PR{E, E3@HMEERL. WFEESIBED 1.5 FFTHRUS,

WTFDMBHE2T—ERIEINNEL L TRTERLTWNS, ERT—2BLUH > TILEIT Source Data |Zic#.
d.LTR TL A > +OBAER (Kimura B8 A 5. REMICH- 2&EDICHSE . BAICHE> TEENBEL
e REENG,

DO0G

BY NC ND

HEREE DL T, MEEMBICNUT, BEFZO 52 D88 HhObE B THEVET,
H—RYREE C =T ol R SRR EHE Y, —RBVIRE A G A ElRYIB 53, THETEA

sELTCLET.

» o
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FEMRE (Figure.2)
a. FhhO—FkL. AL, EFZBTERERFIOEE (B552)
s« DNA FS2REKRY L (DNA)
iR MRS (LINE)
R FEEES (LTR)
M RS (SINE)
s HTS54 FEH (Satellite)
B4l 7 (8E 5 (Simple repeat)

b.LTR L O 5 AR 0 R

s Gypsy. Mag. Chromoviridas, Metaviridae, Bel-Pao, Retroviridae 7 £ DQHERERT.
o Af—lsi— BEEBRH 07 BERAMD .
C.LTRZ7V—TLEOREENN I HARDSMH (kb BED
« Reftroviridae: Bel-Pao, ERVL, Epsilon, Spuma
s Gypsy }#i: Chromoviridae, Mag. Metaviridae
d.LTR L FET LA O Kimura 35 (Bfispi- VOERKR) &7/ LAIChDHL8E
o x 88 Kimura B8 (E#EL56)
o yEE: B/ LIZEDHBEE (%)
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a Intron sizes 1 Non-developmental genes

M Developmental genes Median (bp) Average (bp) Maximum (bp)
e —— 1,741 Ratic 6,398 Ratio 1.043,910
o — — 21461081 11,087J058 280,165
1,463 5,067 737,288
.82 0.54
1 ,790] a5 9,362] 249,746
*AN 925 2,369 189,297
axn 1.109]0'83 1062 153,701
23,266 46,444 2,473,015
PR _we 11,873]1'96 41 572]1 12 676578
0.1 1 10 100 1000
Intron length (kb)
b -
AGR2 -+t 20 kb
Axolotl Agr2 | i i i a—
1bp 13,270 57,514
€ Human noxmz .1 4 56791011 13
- | Q84 Ll 100 kb |
Repeats !Jl l‘lll WE MR RNy
4.4% repetitive DNA
Frog 123 465679101113
I A e )
Repeats | @3 [EE IR EEN L
8.4% rapetitive DNA
Axolotl ! 2 3 4 56791021 13

IF { F NEN 0 1 b
CNEs | | I T80 1 - I
Repeats UN (NN () (RORRRIE RN || N 0 0000 B e em———
49% repetitive DNA

| J

34% repetitive DNA

d 1MDb } {
Mouse Pax3 locus Ephad_ Pax3 B Sgpp?2
| Hi— -
Tetrapod CNEsSI1 W1 1 ® 1 | T | i ¥k T
Mouse Pax7 locus Iffo2 Tas1r2 Pax7 Kihdc7a lgsfe1 _
5 UM TS S « B |
Aldh4atim # Present in axolot|
Tetrapod CNEs | (L (R I 8 Absent in axolot

B 3: 457 LOHEE Pax3 DMk

Figure 3: Genome organization and loss of Pax3.

(H{#2: Nowoshilow et al., Nature, 2018. £ Y)

@O0 | - SRIECONTIT. B MECRLT. BPIROE» OO 158 BAmbs B TEUET,
ATAS — R ERR S A SERY ERBY . — Y IRE i S A A B AT, TOSEMRL LET,
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a. FiRO— kIl (A mexicanum) OREMEBEFIZETLES » FOVEIEHERTITUELEIIZEZLD. /A1

A0y A FOCYROESWETRT RLvi— S 1 @IS 3 maE. BLVE : PRIE) . ™P<
10%-11; @8 Wilcoxon JEFIFIERE. TR T—4(% Source Data IZFT.

b. Agr2 BIEFOIH VA FOBEQCENE#RL2 L, EbOALVOTEEELTFRO—FLODA O
M—RALTHELTEY., TORE. BEF2EOY A XF43FREE 2T,

c. HoxA 7 S 28 —NOBETFELUREREFIOLE, PHRO—FLOHoxA 7323 —I2F 54 745 CNE (RF
Ea— FERD) IZFTERT.

d. FhO— kJLIE Pax3 M FEEREL TS, Pax? HLU Paxd OF / LEEICEET 5 mEBMFRFEET

E LU CNE QM. 7 : ThRO— bLIZREL TOAIBEETFESE LU CNE, *CNE X, ¥R Pax3 TNt

—3839 LE(EHLLHLO.
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S 2
- (a7 : - @  Pax7-TALEN#2  Pax7-Ex1-CRISPRA3 Controt

: 85 bipy . - 236 bo) : Dorsal view
. ¥ ; i
Ex1-TALEN#T mumm e Ex2-gRNAZT —»
Ex1-TALENS#? mmmm e Ex2-gARAN2 —»
Ex1-gFNATT @ Ex2-gANASS —»
-
Ex1-gRNAIZ «—
Lateral view
Control i
—_—

Ex1-gRNASY —»

b Pax7-TALEN#2, 6 months

¥

-

6 months

f  Pax7-Ex2-CRISPR#1, 17 days Caontrol

[~

- Pax7-TALEN#Z, 3 months ’ "
S +] = N#2. 2 s Control
GE S
=5
e
L s |
5 )
o .

Control h Pac-Ex2-CRISPR#1, 3 Controt

B

-] .

o

B4 : 7/RO— kL (A. mexicanum) O Pax7 ERIZ. Pax3" Pax7 " ¥HORXEEE L -BRBERT,

Figure 4: Figure 4: Pax7 mutation in A. mexicanum yields a phenotype similar to that of Pax3~~ Pax7-~ mice.

(H{#8: Nowoshilow et al., Nature, 2018. &£ VY)

a TALEM £ £ 1F CRISPR EMLV: AmPaxT 3 —T VRO EE. XRRET IV 1 EEEII VL2 THEShE. AmPax7 @EHD I 2
MDITY U (Ex) #5771, FLESBETALEN @8 —4 2 |, £0IE CRISPR H- F RNA (gRNA) ES8aERT.

b. PaxTAZ0nUAZON TERE B Al OEG. dE:EEL TEOMESEDh TS I edhind, Ad—Lei—1om,

c. Pax7 TRETHEREAED. 65 FAHO PaxTAZOnUAZON TERE (Pax7-TALEN#2) &L UHBEEQEEESE-ETE S4B
(MHC. &) BV DAP () ORERER. 2 4—Jbsi— 500 pm,

d. Pax7 EREOEEICIZHEAL KN, il (5. 29 —fi— 500 pm) &&FEESFRETO MHC () £ DAPI () oRsE i (5,
AAr—Lai— 100 pm) . FERIE 3 5 AR PaxTAZONYAZON BEREE L L U

e. Pax7 EERETHIAR AL, Alcian blue & & T8 Alizarin red TH® L f= PaxTAZOnYAZONL, Pax7-Ex1-CRISPRE3 TR S L UM BOE - §
gk (B . FENKWNAR. FEDNZLEEREFRS. NEOXLYIEWMRRFOpEERFESSTET. A5—Lbi— 1 mm,

g Poxf FRETAS/ 24TF, FHF22F (0 . ELEUS Y FZ+7F (g HFd. 17 BEO PaxT-Ex2-CRISPR#1 (f) |, 2 i BiGd
PaxTAZONUAZONt (g) EREELUEE (Cr) OE®R. (OB AR LTEAEEROREE, g DFEaIIRE L0, Remi-Eoh
HAUFEIHTETFT. Ar—si— 1 mm,

h. Pax7 ERE TS EMSARS. 31 OO PaxT-Ex2-CRISPRH ERES £ UHE (Ol OEG. SHEEAEEROERE.

AAr—si— o Aimm, EET—SFELUH T ILEIE, Life Sciences Reporting Summary # & 1F Source Data (25085,

e
HAL lab.axolotl
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Nowoshilow et al., Nature, 2018 A

1. BEXTHMELY / LORE
o FhRO—FLOF/LITAMOB 10EOXETETHE326b EHE. Bl —Fo—4F L0, R¥TudLy,
HEMRLES S AT EXTS5— IMARVEL) ##ladbeTEBEEAELE.
2. Y% -BEIIRECRETFEOME
o FhO—=FkLE, HEONECHREEOMLELZLY., HOWENMTIEIREAZLWEEGMERDER>TLET.
o CORIDERICE. REPEEERCELDIAEFHROREAEECNEELTVSEERONET.
3. Pax3RETFORE
o WIZEETAEFR., FhOo—FRLOF/ LICEVT. oSS TRECEBBREICEECERER-Y Paxl AET
MrRELTVWEHCLETY.
o COREN. TRO—FLOBERDCREBB-ZFDESTERESZTVOON. SROMRTHC M- EZASZE
MM EhET.
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[(AROE]7HRO—FILOREEVMILARIOREEERIOHE

FaL ELFNEAT, #T mw 29

"NPO BARY IL—T_nILSH (9—n—JLb——8RE), > HEXE - FHXE 472 TH/00—

# A Introduction
FHO—kIL (Ambystoma mexicanum) @#t{EmEEEERRT 5 ETIE. AEMED LA (endogenous

viral elements, EVE) ~MER: S/ LEICEHSEFOEPHHOREAF IR THL, FARO—FLO& /LIZ
[.Gypsy P LINE RUELEOATE VNN ABREORENMNERCE{(AELTEY. LDl 7/ LB ITIEES
LRI EELERER L TELAREYNEL. LOLBEB AT, ThoORBEEDNILANTRO—FILOR
£ BERD REGE. SSICRY/ ARECRIERFICEDLIGREESATELMIOLT, +HIZRBEEH
TLVEL LI=AT, F/LRICHFET DREEDLARI O ERMGRESTOEESRNIL. PRO—FLOM
EEPiEtOER - ERTLIEEVRETSHD.

FRA—=kILOL OS2 ARY o5 ()

Y4 Lp@ar— EE Y]]
247 HEmzrs— il & Exeid &1
k.3 N (GenBank)
15,000~ DA EREE LS, gagpaleny BEFESL. LTR SIZF0E—4=.
LTR & Gypsy 6-9 kb KY 594036
20,000 TLeiod—EE R EE T RERE S LR,

Gypsy TR0, LTR IR EERERE TS50, RS- NERET
LTR & Copia 3,000~5,000 5-T kb KY594038
R ATh IS B,

10,000~ ORET(RMA B ES {), ORF2 NS T RSLTF —H) £0—

MLTRE  LIME-1(L1) 6-7 kb KY¥594037
15,000 . Btk ot — M, S Lo R E R

MLTRE  LINE-2(LZ) HFaE— G kb Wi AREEL O ISERLTEETISE NSRS, KY 594039

100—-400 FAREEHENER. 1 GEOERTREICHEFLTIE—
SINE B! AmSIMNE 10,000 Al # kY5940
bp HoRE, A L TR

BEO@ERE
o OE—#TBR T, FRo—FL45 S LT (Mowoshilow et al., 2018; Smith et al., 2019) 1283,
s EIEREEAGCEEEICE—OE. EBOS/LZEEROERSI A OE—-L S MEE.

o LTRE-FLTREDEHANS/LERODIERTAY. #EHRS (SMEASSHLNVEEIE—FTEHA.

@@@@ Y%@ SHIDLWTIE, B MBICNLT. RO« 088 HAhdbs B THEUET. <G 3
TR —RYEEE ¢ EHT ol R BN BRI Y, —RBVIRE M A IG A ClRFI B B3, THEEASLOLLET. : V‘Q(;ALI ~
ap.axolo




CHEOREMRD VA IILARFILY /L DNA HoRHT<ZF ?mRNA SholBHT<E?

1. 4"/ PCR vs cDNA BT

i W e WL R oAk

Gypsy { Copia / LINE-1 DMA (4 ChSEF S LIZEHOE —TE, /L PCR TEEOR B Yo —#iniE
44 PCR

! LINE-2 / AmSINE A R L, BEEEEHMELEL,

cONA (RT-PCR, EMGRSZARV/ORRVEFET HBE 1 cDNA. A O PHRRER
Zhicd RNA EHEW gRT-PCR, RNA-  BORFILIFNLBEIFHLOT. RNA BRZCEFThTOSLDEH
senq) BHEND.
SR
o HILPOFHPIE—# — 4/L PCR 4 qPCR

o BEEEM — cDNA & RT-gPCR

2 BAOEBLERORR
o CholE FMREMOCUFOLhICESMTFELET.
o ELTFSUARYLOEBAE—H S LB YLD - #/LARR

o LLIFRCEFSATLSGLOIZHUMELES — cDNA ER

3 EEMNGEEA
1. #/LPCRTERYTLBE
o BEMOE—FHSEN, TSAT-RIICEEWEITALTIZRS v 2OE—EE<VilNE) .
o MFOE—#EROHEBE X RER(TFAIFGE) MLV gPCR A9 3.
2. cDNA S OiRe
o AwhOL4 SINE BEOEL RNA BEFEh DA EEESHY.

o RMA-zeq RS2 EOREHEIOIT7 25T EE.

F
« SFULPNMFESOE—E — /L PCRW /L gPCR
o EE-#HE — cDNA — RT-gPCR 4 RNA-seq

o FERAEYIFOVCLEMFETAOT. BHCRLTE S ERT AN ERN D,

@0 S ERILCONTIT, ML SBICRLT, SPIRD S 2 OO 1882 Bhobr SR THUET,
S | T IR OIAY T RN BB Y, —REV IR A G A e IIE 511, TOE RN LET,
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H{88 Abstract

NIVSKRTIE, AFLaYSTo 48— (Ambystoma mexicanum, LR, FRA—kJL) I2BLWT, BEICIXEMEE
E (WBICHEMNIER) OFEMICOVTHSMILTE: (XM [2,4,5,6,8,9]. BR). LHL.BRNEREDE
EOATETORBLATEDRDT TG ARHBCELTIIRRE{OENRBATHL. TITH2IESE. H
MHEE LRIz, PAHRO—FLOS /L DNA GEETERES) EIZEBICHEETL. 0D TEELTONAIZEA4RAEA
AR HIVILABEORS (BEELFARS AR Y Y, REET/LARS, XER[1]. #8) (cEFB8L.C
OHEEDMILARIAFEERNECSALEE OV TREREEERL:-.

BIIOERE. iRT % (Poor Growth, PG) £ R4 EEOIL. #FBFOMEICI-TEEE+HICEETEGE,-
A (XWR[7). BW) O35, TOPT FGF, FGF BEF OLILRBL VT FLTLEELGWMER (STR[3).
BR) CHETLIEHROATEEDAILARS (AEEDIILAR) REQOWMELHEEN:. FIi, BXEE (Over
Growth, OG) # 7 EHF O TL. BEOAEE 7ML AR ERERLREL A —ERT AN EZsh-. B
2. ZCORNEEDNLARNCBEREEE FCELEE) TEEARELTLSTRENELHY. BREROMEIZE
Y. REEDALARFORE CEEFA—SREoh. EBNHEEROARICLIIAEFEORERBICEVLT. COR
EMVMILARINOFEENEETHIBELNHELILAFEEIATE.

FHETIE. NEEVALAESF-BAEER-REL T TLICLOERHBOEEOTREEEREEL. TOEMBIC
DLWTHRE -HEEBCITRONAHRIZDLTRLEUES.

QOBGE) | 8BHOLTE NS LBLRUT #5050 188 BAOLE R THYET.
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e5mMs 12988

= ’ €2 EREE ER@EE
ruEmEnopz | X IYEREE | EXREE TINFERIY TINFERTY

F—8%>. HBES5A-8BE0oRREZLERLT,
BREABIL LN E . W1~20, PETS 5L, (£l (3%, 2024.3)

FGF, FGFR X°> ANK1, ANKHD1 (/MNI@EUA A4 ) OB S TRIEMEm H Y (211 1ZH, 2025),

<
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Abstract

Amphibians are a rare group of vertebrates capable of regenerating a wide range of tissues, including limbs,
tails, hearts, and spinal cords, and the role of inflammatory responses in these regenerative processes has
recently attracted considerable attention. Studies in axolotls (Ambystoma mexicanum) and newts have
revealed that early inflammation after injury is essential for initiating regeneration. It has been reported that
depletion of macrophages leads to regeneration failure and scar formation, suggesting that inflammatory cells
function not merely as agents of pathogen defense but also as sources of signals that promote
regeneration (Godwin et al., 2013; Simkin et al., 2017). During the inflammatory phase, macrophages and
neutrophils accumulate at the injury site and secrete cytokines and chemokines, which induce cell migration
and remodeling of the extracellular matrix. The inflammatory response then subsides rapidly, and fibroblast-like
cells together with dedifferentiated cells aggregate to form a blastema. This sequence of events contrasts with
that observed in mammals, where persistent inflammation and excessive fibrosis are common (Mescher & Neff,
2006; Fukazawa et al., 2009). Furthermore, the structural and functional characteristics of the adaptive immune
system contribute to maintaining regenerative capacity. Thymus-derived T cells are known to mediate immune
tolerance and prevent excessive inflammation and rejection, and in amphibians this regulation may function in a
manner favorable to regeneration (Robert & Ohta, 2009; Mescher et al., 2017). Recent reviews have also
emphasized that the crosstalk between innate and adaptive immunity is a key determinant in balancing tissue
repair and regeneration (Ferreira & Cravo, 2022; Miller & Smith, 2020).

In addition, the vascular—neural parallel alignment model proposed by Dr. Shin Sato and colleagues
demonstrates that angiogenesis and neural reconstruction proceed in coordination within regenerating tissues,
providing an important framework for understanding how resolution of inflammation and maintenance of the
regenerative microenvironment are achieved (Sato et al., 2016; Sato & Nishino, 2018). This model is
considered a crucial concept for deepening our understanding of regeneration from the perspectives of immune

response, nutrient supply, and signal transduction.

In this review, we focus on the dynamics of inflammation and regeneration in amphibians, as well as on the
vascular—neural parallel alignment model and mechanisms of immune regulation, with the aim of achieving a

comprehensive understanding that can serve as a foundation for regenerative medicine in humans.
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1. Inflammation and Regeneration

Amphibians (especially axolotls and newts) possess the remarkable ability to regenerate organs such as limbs,
tails, spinal cords, and hearts. In the early stages of regeneration, inflammatory responses invariably occur, and
immune cells such as macrophages accumulate at the injury site.
¢ Role of macrophages
Macrophages are indispensable for regeneration, and when they are depleted, axolotl limbs undergo scarring
and regeneration fails. This demonstrates that inflammation is not merely a defensive response but also serves
as a source of signals for tissue repair and regeneration.
e Cytokines and chemokines
Inflammatory cytokines such as TNF-a and IL-6 are transiently elevated, inducing cell migration and remodeling
of the extracellular matrix. If inflammation persists excessively, regeneration is impaired, highlighting the

importance of its rapid resolution.

2. Characteristics of the Thymus and the Immune System
The thymus in amphibians, as in mammals, is an essential organ for the differentiation and maturation of T cells.
However, amphibians display several unique features.
e Thymic development and age-related changes
The thymus is well developed in the larval stage and supplies a diverse repertoire of T cells.
As the animal grows or undergoes environmental changes (metamorphosis or neoteny), thymic function
changes, affecting both immune responses and regenerative capacity.
¢ Immune tolerance and regeneration
The T cell repertoire formed in the amphibian thymus often exhibits tolerance, allowing the acceptance of regenerating
tissues without rejection. This is considered one of the reasons why regeneration is prioritized over scarring in amphibians

compared to mammals.

3. Crosstalk Between Regeneration and the Immune System

¢ Innate immunity (macrophages, neutrophils, etc.)
Initiates the damage response and recruits stem cells and progenitor cells.
If inflammation is not properly suppressed and becomes chronic, regeneration is hindered.

¢ Adaptive immunity (T cells, B cells): In mammals, excessive T cell responses induce scarring, whereas in amphibians,
relatively weak responses and immune tolerance help regeneration.

In particular, regulatory T cells (Tregs) have been reported to contribute to the maintenance of regenerating tissues.

4. Research Significance
Research on inflammation, regeneration, the thymus, and immunity in amphibians has potential applications
such as:
¢ Regenerative medicine: Possibility of promoting human tissue regeneration through the modulation of
inflammation and immunity.
¢ Transplantation immunology: Elucidation of thymus-dependent mechanisms of immune tolerance.
e Evolutionary comparison: Understanding the immunological differences between mammals and amphibians

that underlie disparities in regenerative capacity.
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MEBICETEIRERTF F : KEBE, SRIEAR - BEET

1. B8
MEFDOREICITBERENFKZL., ZHERERTF K (AMP: antimicrobial peptide) M&RK - BFEiS N E T,
KR ZFHIIZIX magainins, dermaseptins, temporins, brevinins, esculentins, caerins, bombinins, pseudins A%
Y, HF - EE - VM IILRICHT HEEGREERZRT LRAKIC. BRAREOE—RELTHBULTLET,

2. EFRF

AMP [FZ <A BHREMDOBEERAV v I RBELTHFS. MAKRICHES L TARBOCEREREZFELET, — &
[ DNA D2 UV B EHBERENLEELET . 612, BEIE KRR MAERTF K (HDP) &L LTHRE
FEER (FEXAXDRFE. YA A VRAE OEHERE) LFEHSATHLET,

3. &ERE
HMEBEOHARNLGZEXREBELORRD—D2THS HTILYRHDERE (Chytridiomycosis, Bd B&t) [(TxflL.
AMP [TBWMRERERZRT ENBRESNTNET ., KIE AMP D& BEENIE LFEOEIER(FE & B M AR
. MEBEOEGFEERICEZLTWET,

4. AHEAE - BE
AMP [ZELGDMERTFICEEE LT, AEARLBEZRET 2N FL L THELNEATLET,
e Esculentin-1a(1-21)NH, : EGFR # &4/t L A{LHRE D8 E % {8 .
e Temporin A/B : f{cififaizE{RE & MRSA RE F ML,
e Brevinin-2 % : RFMEEELZFEL. T v FRERIE THRERE.
e Odorrana BHEARTF F (OA-RD17, OA-GP11d, CW49, AH90 73 &) : MEFH AR E® TGF-p1 FEZE N
L TAREZME,
AMP (TR AERAD S, E5EH T OMSLEE - 1B, YET Y UV HOMEBEARA L L o AEARO LS BRREICEH
B35 ENRENTVET,
5. SEROERM
1. FEPMHR : DAL/ OkiICkIREERL,
2. FSyTFUNY—: F/HFONA FOFILEDEEI,
3. ERKRIGA : MEERECBERIGARE~DER.
4, HRFHMEA : Bd BEXNROAFT THEBEOREEE,

6. & - MME. RE-BE~DOEE
AMP B\ RAEZD LD (EDFJ/EM) *ZEEGIET SAEIEEZREMTIT A,
o REMRBDMEREIZHITSH EGFR U F IV EN LI-EERE.
o TGF-BEBPOEFREDHEICLIBHYETI VY.
o HlfE<T o OTF—I0 T HIRAE DEEERIC & 5 RAEIUK,
BEEZBLT RE-—BEBRICECESELTVWS I EMHLMIHE>TLET,
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Amphibian Antimicrobial Peptides: From Pathogen Defense to
Wound Healing and Regeneration

1. Overview

The skin of amphibians contains well-developed granular glands that synthesize and store a wide variety of
antimicrobial peptides (AMPs). Representative examples include magainins, dermaseptins, temporins, brevinins,
esculentins, caerins, bombinins, and pseudins, which exhibit broad-spectrum antimicrobial activity against

bacteria, fungi, and viruses, while also functioning as a frontline component of innate immunity.

2. Mechanisms of Action

Most AMPs possess cationic, amphipathic helical structures, allowing them to bind to microbial membranes and
induce pore formation or membrane disruption. Some also inhibit intracellular targets such as DNA and proteins. In
recent years, attention has been drawn to their role as host defense peptides (HDPs), with immunomodulatory

effects such as chemoattraction, cytokine regulation, and angiogenesis promotion.

3. Pathogen Defense

One of the major causes of global amphibian population decline is chytridiomycosis (Bd infection). Amphibian
AMPs have been reported to exhibit potent antifungal activity against Bd. Species and individuals with a greater
capacity to produce skin AMPs show stronger resistance to infection, linking AMP production directly to amphibian

survival strategies.

4. Wound Healing and Regeneration
AMPs are not merely antimicrobial agents but have also been studied as molecules that promote wound healing
and regeneration.
o Esculentin-1a(1-21)NH;: Activates EGFR and promotes keratinocyte migration.
¢ Temporin A/B: Stimulates keratinocyte migration while simultaneously kiling MRSA.
¢ Brevinin-2 family: Induces fibroblast migration and accelerates wound healing in rat skin.
e Odorrana-derived peptides (OA-RD17, OA-GP11d, CW49, AH90, etc.): Promote angiogenesis and TGF-1
induction, thereby accelerating healing.
AMPs contribute to all stages of wound healing: regulation of inflammation, promotion of cell migration and

proliferation during the proliferative phase, and tissue maturation during the remodeling phase.

5. Future Perspectives
1. Pharmacological optimization: Enhanced stability through D-amino acid substitution or cyclization.
2. Drug delivery: Combination with nanoparticles or hydrogels.
3. Clinical applications: Development of therapies for resistant bacterial infections and chronic wounds.
4. Ecological applications: Countermeasures against Bd infection and maintenance of amphibian health in

captivity.

6. Roles in Development, Differentiation, and Inflammation-Regeneration
Although direct evidence that AMPs regulate embryonic development or organogenesis is still limited,

accumulating findings indicate their involvement in inflammation-regeneration processes through:
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o EGFR-mediated promotion of keratinocyte migration after skin differentiation,
o TGF-B signaling and angiogenesis regulation for tissue remodeling,

¢ Interactions with regulatory macrophages and T cells that promote resolution of inflammation.

Together, these findings highlight AMPs as important mediators bridging inflammation and regeneration.
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HIILAFERERTF KL CCR/ICCL #2i%

1. BR

MAEEORBIINRICEERS S ENE-0, BEVBRRICHT FBRAG—RBMIRATLZHRBATVEY, BITHIILTE, B
BEALDBINBIMBERTF K (AMP) WEZE#LZ&KE|#ZE1- L. magainins, dermaseptins, esculentins, temporins 7% & £#7;
T7IV—HIRESNATVET, CholFiEk, EEREOMEERZHRLICHRSATEZ LA, EFEF BEREORETE
F (Host Defense Peptides, HDP) & L TORIEAEE SN D2OHYET,

2.CCR/CCL ®REMEEE
WELFEICH T, »CCL (FEAA VI AUR) FREMBEOELEZFEL,. TOZERHRTHS CCR (FELA UZENK) »%&
NLTOTFIVERBAET . ATILHED—FAMP [, COTENA VREBULEERAERT CENIMOTEE LS,
e Dermaseptins (Phyllomedusa BH®E) : HBE/ERIZMZ. £ FREMBEEZEESEINENHRESNTE Y. CCL #
DILFEFESIRF & L THREET DRIBEERNREINTULET,
e Esculentin-1a(1-21) (Rana BH®E) : Al OFFEZfE L. EGFREZERE HHE TREMEEZ®RILT D, =
NoDERIE CCR RBRENT DT ENA URBREERYET,
CDELSIT, AMP HEREFIFMENIC CCR ZN L-REMBD Y I )L— AT IRMNEESATVET,

3. EEMNESR
AIILD AMP A CCRICCL REBUDK ZLIZIHUTDLSHREENHY FET -
1. BRI
REERAICMA T, REMBZEGHNOREARARAREAFUFEESZ LT, BHORBELCEEHILIT 5,
2. RIELBEDT/EL
BEGREMEY VIL— FERERR EBBIEEICFET 5, AMP A CCR/ICCL #BZE L THEH~NOBITEZHMITT
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Amphibian Antimicrobial Peptides:
From Pathogen Defense to Wound Healing and Regeneration

1. Overview
The skin of amphibians contains well-developed granular glands that synthesize and store a wide variety of
antimicrobial peptides (AMPs). Representative families include magainins, dermaseptins, temporins, brevinins,
esculentins, caerins, bombinins, and pseudins. These AMPs not only exhibit broad-spectrum antimicrobial

activity against bacteria, fungi, and viruses but also function as a frontline component of innate immunity.

2. Mechanisms of Action
Most AMPs adopt cationic, amphipathic helical structures, enabling them to bind to microbial membranes and
induce pore formation or membrane disruption. Some AMPs also target intracellular molecules such as DNA and
proteins. More recently, attention has focused on their roles as host defense peptides (HDPs), highlighting

immunomodulatory functions such as chemoattraction, cytokine regulation, and angiogenesis promotion.

3. Pathogen Defense
One of the major causes of global amphibian population declines is chytridiomycosis (caused by
Batrachochytrium dendrobatidis, Bd infection). Amphibian AMPs have been reported to possess potent
antifungal activity against Bd. Importantly, species and individuals with higher capacity to produce skin AMPs display

stronger resistance to infection, directly linking AMP activity to amphibian survival strategies.

4. Wound Healing and Regeneration
AMPs are not merely antimicrobial agents; they also act as molecules that promote wound healing and tissue
regeneration.
o Esculentin-1a(1-21)NH;: Activates EGFR signaling and promotes keratinocyte migration.
¢ Temporin A/B: Stimulates keratinocyte migration while simultaneously killing MRSA.
¢ Brevinin-2 family: Induces fibroblast migration and accelerates wound healing in rat skin.
¢ Odorrana-derived peptides (OA-RD17, OA-GP11d, CW49, AH90, etc.): Accelerate healing by enhancing
angiogenesis and inducing TGF-1.
Collectively, AMPs contribute to all phases of wound healing—regulation of inflammation, stimulation of cell

migration and proliferation in the proliferative phase, and tissue remodeling in the maturation phase.

5. Future Perspectives
¢ Pharmacological optimization: Improving stability through D-amino acid substitution, cyclization, or terminal
modifications.
¢ Drug delivery: Developing formulations with nanoparticles or hydrogels to enhance local concentration and
stability.
e Clinical applications: Potential use in treating resistant bacterial infections and chronic wounds.

o Ecological applications: Counteracting Bd infections and supporting amphibian health in captive populations.
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6. Roles in Development, Differentiation, and Inflammation-Regeneration
Direct evidence that AMPs regulate embryonic development or organogenesis remains limited. However, growing
evidence supports their involvement in post-differentiation and regenerative contexts, such as:
o EGFR-mediated stimulation of keratinocyte migration after skin differentiation.
o TGF-B signaling modulation and angiogenesis, facilitating tissue remodeling.
¢ Interactions with regulatory macrophages and T cells, promoting resolution of inflammation.
Through these mechanisms, AMPs are increasingly recognized as key regulators bridging inflammation and

regeneration in amphibians.
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Amphibian Antimicrobial Peptides in Immunity and Regeneration

1. Barrier Mechanisms of Antimicrobial Peptides

The skin of amphibians possesses well-developed granular glands that secrete abundant antimicrobial peptides
(AMPs). Representative examples include magainins, dermaseptins, esculentins, brevinins, and
catesbeianalactin (CBL), which exhibit broad-spectrum antimicrobial activity against bacteria, fungi, and viruses.
AMPs are not merely “natural antibiotics.” They exert bactericidal effects based on membrane disruption models

(such as the barrel-stave model and the carpet model), while also functioning as regulators of immune cell signaling.

2. Defensins and Cathelicidins

Defensins and cathelicidins, representative AMP families, are evolutionarily conserved and are also expressed in
amphibians. These peptides possess stable structures formed by disulfide bonds and, in addition to direct
antimicrobial activity, engage in crosstalk with TLRs (Toll-like receptors) and the CCR/CCL chemokine pathways,

thereby acting as a bridge between innate and adaptive immunity.

3. CCR/CCL/TLR Pathways
Amphibian genomes harbor immune-related genes associated with AMP responses:
e CCR (C-C chemokine receptors): Ccr1,4,5,6,7,9
e CCL (C-C chemokine ligands): Ccl3, 5, 19, 25, 28
e TLR (Toll-like receptors): Tir1, 2, 5, 7, 8, 13, 21
The effects of AMPs extend beyond direct pathogen destruction; they are suggested to regulate immune cell migration

through CCR/CCL signaling and to coordinate inflammatory responses via TLR pathways.

4. Immune Markers and Hematopoietic Differentiation

In amphibians, surface molecules of B cells, T cells, NK cells, and macrophages have been identified, including
CCR5, CXCR3, GZMB, ICAM-5, CD44, integrins, and C5aR. These molecules participate in AMP-mediated
responses and cell infiltration during inflammation.

Furthermore, gene expression analyses during regeneration have shown that AMP-related genes, along with
inflammatory and mucosal factors, are upregulated following tissue injury, indicating that immune responses actively

contribute to the regenerative microenvironment.

5. Infection Defense and Regeneration in Axolotls

Axolotls exhibit relatively high resistance to Bd infection and bacterial challenges. This resistance is attributed to
upregulated AMP expression and the induction of CCR/CCL/TLR pathways. Slide data indicated that AMP and
immune gene expression are strongly induced after tail amputation or exposure to polluted environments.

In addition, AMPs act in cooperation with mucins, which provide a physical barrier, to maintain infection defense and

support regeneration.

6. Thymus Transplantation and Immune Regulation
The thymus is the site of T cell differentiation and strongly influences immune and regenerative capacity in
amphibians. Experimental transplantation of thymuses from African clawed frogs (Xenopus) or Iberian newts into

axolotls resulted in reduced inflammatory responses and increased AMP expression.
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These findings suggest that the origin of the thymus modulates the degree of inflammatory response and immune
tolerance, thereby regulating AMP expression. This represents an important insight for regenerative medicine and

transplant immunology.

7. Future Perspectives
¢ Regenerative medicine using AMPs: Applying the immunomodulatory functions of AMPs to promote
inflammation control and wound healing in humans.
o Thymus transplantation and immune reconstruction: Using amphibian models of thymus transplantation
to advance understanding of transplant immunology and immune tolerance.
o Evolutionary comparative studies: Elucidating why amphibians retain high regenerative capacity by

comparing their unique AMP—immune crosstalk mechanisms with those in mammals.
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Fig.1: Barrier by antimicrobial peptides in amphibians
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Axolotl thymus-transplanted individuals vs Iberian ribbed newt thymus-transplanted individuals (reduced
inflammation under inflammatory conditions) vs African clawed frog thymus-transplanted individuals
(reduced inflammation under inflammatory conditions) vs individuals subjected to the transplantation
procedure without actual thymus replacement
— Inflammation was reduced, but no major differences in locomotor activity were observed

(suggesting that inflammation itself has little effect on locomotion).
— Immunity is enhanced by thymus transplantation, but this alone does not contribute to locomotor activity.
— Expression of antimicrobial peptides increases. Immune responses are strengthened (the speed at which

expression is induced changes).
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Fig. 13: Gut Environment Influences the Diurnal Activity Rhythm in
Axolotls.
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Loc112117868 [nr]|Ccrb [hs]|AMEX60DD301037922.8 at chr5p:688232990-688361182
Loc115084591 [nr]|Ccr1 [hs]|AMEX60DD201037937.1 at chr5p:689508344-689513383
Loc115086115 [nr]|Ccr4 [hs]|AMEX60DD201037939.1 at chr5p:690329239-690353902

Ccr9]AMEX60DD201038188.1 at chr5p:856038845-856128028

Loc115096367 [nr]|Ccl25 [hs]|]AMEX60DD301014707.1 at chr1p:610747139-610795984
Loc115097956 [nr]|Ccl3I1 [hs]]AMEX60DD201054221.2 at chr9p:314512015-314548982
Loc100735187 [nr]|Ccl3I1 [hs]]AMEX60DD301054219.2 at chr9p:314354716-314500594
Ccl20|]AMEX60DD201002411.1 at chr109:104391738-104416282

H355 016656 [nr]|Ccl20 [hs]]AMEX60DD201002413.1 at chr109:104543531-104557558
Ccl19 [nr]]AMEX60DD301041527.1 at chr6p:86273501-86324691

Loc102358238 [nr]|Ccl19 [hs]|]AMEX60DD201041528.1 at chr6p:86795201-86848561
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https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr13q:308540534-308823095&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Ccr7%7CAMEX60DD301010137.1,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr4p:981422201-982198977&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Ccr6+%5Bnr%5D%7CCep43+%5Bhs%5D%7CAMEX60DD301034186.3,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr4p:981422328-982001298&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Ccr6+%5Bnr%5D%7CCep43+%5Bhs%5D%7CAMEX60DD301034186.17,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr4p:981422337-982001298&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Ccr6+%5Bnr%5D%7CCep43+%5Bhs%5D%7CAMEX60DD301034186.19,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr5p:687756940-687763675&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc112118705+%5Bnr%5D%7CCcr4+%5Bhs%5D%7CAMEX60DD301037920.1,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr5p:688230747-688282346&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc112117868+%5Bnr%5D%7CCcr5+%5Bhs%5D%7CAMEX60DD301037922.1,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr5p:688230750-688361182&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc112117868+%5Bnr%5D%7CCcr5+%5Bhs%5D%7CAMEX60DD201037922.2,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr5p:688230750-688361182&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc112117868+%5Bnr%5D%7CCcr5+%5Bhs%5D%7CAMEX60DD201037922.3,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr5p:688230774-688550151&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc112117868+%5Bnr%5D%7CCcr5+%5Bhs%5D%7CAMEX60DD201037922.4,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr5p:688230777-688598761&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc112117868+%5Bnr%5D%7CCcr5+%5Bhs%5D%7CAMEX60DD201037922.5,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr5p:688230779-688576997&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc112117868+%5Bnr%5D%7CCcr5+%5Bhs%5D%7CAMEX60DD301037922.6,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr5p:688231207-688576997&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc112117868+%5Bnr%5D%7CCcr5+%5Bhs%5D%7CAMEX60DD301037922.7,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr5p:688232990-688361182&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc112117868+%5Bnr%5D%7CCcr5+%5Bhs%5D%7CAMEX60DD301037922.8,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr5p:689508344-689513383&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc115084591+%5Bnr%5D%7CCcr1+%5Bhs%5D%7CAMEX60DD201037937.1,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr5p:690329239-690353902&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc115086115+%5Bnr%5D%7CCcr4+%5Bhs%5D%7CAMEX60DD201037939.1,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr5p:856038845-856128028&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Ccr9%7CAMEX60DD201038188.1,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr1p:610747139-610795984&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_fragmented=full&hgFind.matches=Loc115096367+%5Bnr%5D%7CCcl25+%5Bhs%5D%7CAMEX60DD301014707.1,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr9p:314512015-314548982&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_fragmented=full&hgFind.matches=Loc115097956+%5Bnr%5D%7CCcl3l1+%5Bhs%5D%7CAMEX60DD201054221.2,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr9p:314354716-314500594&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_other=pack&hgFind.matches=Loc100735187+%5Bnr%5D%7CCcl3l1+%5Bhs%5D%7CAMEX60DD301054219.2,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr10q:104391738-104416282&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Ccl20%7CAMEX60DD201002411.1,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr10q:104543531-104557558&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=H355_016656+%5Bnr%5D%7CCcl20+%5Bhs%5D%7CAMEX60DD201002413.1,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr6p:86273501-86324691&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Ccl19+%5Bnr%5D%7CAMEX60DD301041527.1,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr6p:86795201-86848561&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc102358238+%5Bnr%5D%7CCcl19+%5Bhs%5D%7CAMEX60DD201041528.1,

Ccl28|AMEX60DD301042003.1 at chr6p:378973103-379001920
Ccl28|AMEX60DD301042005.1 at chr6p:379097491-379125526

Loc112989614 [nr]|CclI3I1 [hs]|AMEX60DD201054218.1 at chr9p:314253918-314256393
Loc115456478 [nr]|CclI3I1 [hs]|AMEX60DD301054218.2 at chr9p:314253919-314301079
Loc115456478 [nr]|CclI3I1 [hs]|AMEX60DD301054218.3 at chr9p:314293826-314301079
Loc115456478 [nr]|CclI3I1 [hs]|AMEX60DD301054219.1 at chr9p:314354716-314359679
Loc115097956 [nr]|CclI3I1 [hs]|AMEX60DD301054221.1 at chr9p:314511844-314517916
Loc115098155 [nr]|Ccl5 [hs]|AMEX60DD301054222.1 at chr9p:314588995-314606382

TIrM1|AMEX60DD201045674.1 at chr6q:1147998074-1148093871
TIrM1|AMEX60DD201045674.3 at chr6q:1148029716-1148093871

Loc115461470 [nr]|TIr1 [hs]]AMEX60DD201045677.1 at chr6q:1148568303-1148809468
Loc115461470 [nr]|TIr1 [hs]]AMEX60DD201045677.2 at chr6q:1148568572-1148809468
Loc115461470 [nr]|TIr1 [hs]]AMEX60DD301045677.3 at chr6q:1148568605-1148729229
Loc115461470 [nr]|TIr1 [hs]]AMEX60DD201045677.4 at chr6q:1148568605-1148922563
Loc115461470 [nr]|TIr1 [hs]]AMEX60DD201045677.5 at chr6q:1148568612-1148809468
Loc115461470 [nr]|TIr1 [hs]]AMEX60DD301045677.6 at chr6q:1148568630-1148809468
Loc115461470 [nr]|TIr1 [hs]]AMEX60DD301045677.7 at chr6q:1148568791-1148922563
Loc115461470 [nr]|TIr1 [hs]]AMEX60DD301045677.8 at chr6q:1148569171-1148724574
TIr2 [hs]]AMEX60DD301045076.2 at chr6q:747124426-747153116
TIr2|AMEX60DD201045076.3 at chr6q:747124435-747184326

TIr2 [hs]]AMEX60DD301045076.1 at chr6q:747124236-747184326

Loc106886850 [nr]|TIr2 [hs]]AMEX60DD301026420.1 at chr3p:28982421-29009492
Loc106886850 [nr]|TIr2 [hs]]AMEX60DD301026420.2 at chr3p:28982640-29009492
Loc115476667 [nr]|TIr2 [hs]]AMEX60DD301030278.1 at chr3q:742286941-742329805
TIr3 [hs]]AMEX60DDU001000716.3 at C0006316:56909-222443

TIr3 [hs]]AMEX60DD301045416.1 at chr6q:967547774-967651249

Tir3 [hs]]AMEX60DDU001000716.1 at C0006316:32689-370232

TIr3 [hs]]AMEX60DDU001000716.2 at C0006316:33852-316702

TIr3 [hs]]AMEX60DDU001000716.4 at C0006316:66351-222443

TIr4| AMEX60DD301050805.1 at chr8p:239432451-239432669

TIr5I [nr]|TIr5 [hs]JAMEX60DD201025164.1 at chr2q:995763253-995985209

TIr5I [nr]|TIr5 [hs]JAMEX60DD201025164.2 at chr2q:995763329-995983810

TIr5I [nr]| TIr5 [hs]JAMEX60DD201025164.3 at chr2q:995949180-995985209
TIr5|AMEX60DD201036174.1 at chr4q:986525803-986555686
TIr5|AMEX60DD301036174.2 at chr4q:986525811-986741509

TIr7 [hs]]AMEX60DD301048520.1 at chr7q:51146898-51323607

T1r8 [hs]|AMEX60DD201048519.1 at chr7q:50967209-51058258

TIr13 [nr]|TIr3 [hs]]AMEX60DD201017324.1 at chr19:173489916-173761154

TIr13 [nr]|TIr3 [hs]]AMEX60DD201017325.1 at chr19:173807128-174128126

TIr21 [nr]|TIr3 [hs]IAMEX60DD301018080.1 at chr19:513449262-513475491

TIr22a [nr]|TIr8 [hs]]AMEX60DD201027746.1 at chr3p:560941761-560949908
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https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr6p:378973103-379001920&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Ccl28%7CAMEX60DD301042003.1,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr6p:379097491-379125526&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Ccl28%7CAMEX60DD301042005.1,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr9p:314253918-314256393&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc112989614+%5Bnr%5D%7CCcl3l1+%5Bhs%5D%7CAMEX60DD201054218.1,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr9p:314253919-314301079&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc115456478+%5Bnr%5D%7CCcl3l1+%5Bhs%5D%7CAMEX60DD301054218.2,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr9p:314293826-314301079&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc115456478+%5Bnr%5D%7CCcl3l1+%5Bhs%5D%7CAMEX60DD301054218.3,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr9p:314354716-314359679&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc115456478+%5Bnr%5D%7CCcl3l1+%5Bhs%5D%7CAMEX60DD301054219.1,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr9p:314511844-314517916&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc115097956+%5Bnr%5D%7CCcl3l1+%5Bhs%5D%7CAMEX60DD301054221.1,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr9p:314588995-314606382&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc115098155+%5Bnr%5D%7CCcl5+%5Bhs%5D%7CAMEX60DD301054222.1,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr6q:1147998074-1148093871&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Tlr1%7CAMEX60DD201045674.1,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr6q:1148029716-1148093871&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Tlr1%7CAMEX60DD201045674.3,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr6q:1148568303-1148809468&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc115461470+%5Bnr%5D%7CTlr1+%5Bhs%5D%7CAMEX60DD201045677.1,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr6q:1148568572-1148809468&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc115461470+%5Bnr%5D%7CTlr1+%5Bhs%5D%7CAMEX60DD201045677.2,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr6q:1148568605-1148729229&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc115461470+%5Bnr%5D%7CTlr1+%5Bhs%5D%7CAMEX60DD301045677.3,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr6q:1148568605-1148922563&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc115461470+%5Bnr%5D%7CTlr1+%5Bhs%5D%7CAMEX60DD201045677.4,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr6q:1148568612-1148809468&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc115461470+%5Bnr%5D%7CTlr1+%5Bhs%5D%7CAMEX60DD201045677.5,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr6q:1148568630-1148809468&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc115461470+%5Bnr%5D%7CTlr1+%5Bhs%5D%7CAMEX60DD301045677.6,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr6q:1148568791-1148922563&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc115461470+%5Bnr%5D%7CTlr1+%5Bhs%5D%7CAMEX60DD301045677.7,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr6q:1148569171-1148724574&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc115461470+%5Bnr%5D%7CTlr1+%5Bhs%5D%7CAMEX60DD301045677.8,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr6q:747124426-747153116&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_fragmented=full&hgFind.matches=Tlr2+%5Bhs%5D%7CAMEX60DD301045076.2,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr6q:747124435-747184326&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_other=pack&hgFind.matches=Tlr2%7CAMEX60DD201045076.3,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr6q:747124236-747184326&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Tlr2+%5Bhs%5D%7CAMEX60DD301045076.1,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr3p:28982421-29009492&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc106886850+%5Bnr%5D%7CTlr2+%5Bhs%5D%7CAMEX60DD301026420.1,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr3p:28982640-29009492&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc106886850+%5Bnr%5D%7CTlr2+%5Bhs%5D%7CAMEX60DD301026420.2,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr3q:742286941-742329805&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Loc115476667+%5Bnr%5D%7CTlr2+%5Bhs%5D%7CAMEX60DD301030278.1,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=C0006316:56909-222443&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_fragmented=full&hgFind.matches=Tlr3+%5Bhs%5D%7CAMEX60DDU001000716.3,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr6q:967547774-967651249&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_other=pack&hgFind.matches=Tlr3+%5Bhs%5D%7CAMEX60DD301045416.1,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=C0006316:32689-370232&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Tlr3+%5Bhs%5D%7CAMEX60DDU001000716.1,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=C0006316:33852-316702&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Tlr3+%5Bhs%5D%7CAMEX60DDU001000716.2,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=C0006316:66351-222443&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Tlr3+%5Bhs%5D%7CAMEX60DDU001000716.4,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr8p:239432451-239432669&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_fragmented=full&hgFind.matches=Tlr4%7CAMEX60DD301050805.1,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr2q:995763253-995985209&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Tlr5l+%5Bnr%5D%7CTlr5+%5Bhs%5D%7CAMEX60DD201025164.1,
https://genome.axolotl-omics.org/cgi-bin/hgTracks?position=chr2q:995763329-995983810&hgsid=69715_5uEAztFlj0qCx310CTXrTpTbcU5J&genes_putative=pack&hgFind.matches=Tlr5l+%5Bnr%5D%7CTlr5+%5Bhs%5D%7CAMEX60DD201025164.2,
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Abstract

Ampbhibians such as Pleurodeles waltl, Ambystoma mexicanum, and Notophthalmus viridescens represent unique
vertebrate models capable of regenerating a broad spectrum of tissues including limbs, lens, retina, spinal cord, and
heart. Their regenerative processes are characterized by rapid wound closure, formation of a specialized wound
epidermis, blastema formation via dedifferentiation, and patterned redifferentiation that restores functional
morphology. Nerve dependence, positional identity systems (Shh, FGF, RA, Prod1), and permissive extracellular
matrix remodeling are critical for successful outcomes.

In the later sections, we examine in greater detail amphibian responses to injury and the diverse stem/progenitor
populations that sustain regeneration. After amputation, the immune response is transient but essential:
macrophages and chemokine-mediated recruitment of lymphocytes sculpt a non-fibrotic niche. The wound epidermis
provides trophic factors (FGF, Wnt, nAG) while dampening excessive inflammation. At the blastema stage,
dedifferentiated myofibers, Pax7* muscle satellite cells, fibroblasts, and periosteal cells contribute lineage-restricted
progenitors. Neural stem-like ependymoglial cells proliferate in the spinal cord, while lens regeneration depends on
dorsal iris PECs reprogrammed by Pax6 and FGF/ERK signaling. RPE and Miiller glia generate neural retina, and
epidermal stem cells (K5, K14, p63) sustain apical epidermal cap function. Hematopoietic progenitors (Runx1, Gataz2,
c-Kit) further shape the inflammatory and regenerative milieu.

A key conceptual advance is the neurovascular parallel alignment model, in which nerves and blood vessels
extend coordinately as a functional unit. Schwann cells secrete VEGF, BDNF, and NRG1, endothelial cells provide
axon-guidance molecules (Netrins, Semaphorins, Ephrins), and macrophages orchestrate immune tone and matrix
remodeling. This reciprocal guidance ensures correct patterning and tissue integration. Experimental manipulations
confirm that denervation or VEGF blockade disrupts both axon regrowth and angiogenesis, while trophic factor
supplementation can partially restore growth.

Endocrine and developmental contexts further modulate regenerative potential: thymus-dependent immune tolerance
favors scar-free repair, thyroid hormone reduces regenerative ability during metamorphosis in frogs, and aging slows
but does not abolish capacity in newts. Recent advances—including single-cell transcriptomics, CRISPR-mediated
genome editing in Pleurodeles, and live imaging of transparent larvae—are redefining our understanding of lineage
plasticity, signaling hierarchies, and niche architecture.

Together, amphibian regeneration is sustained by the synergy of restricted dedifferentiation, specialized
stem/progenitor cells, transient but permissive immune responses, and coordinated neurovascular
patterning. These principles highlight strategies for mammalian regenerative medicine: shortening inflammatory
phases, mimicking nerve trophic support, reprogramming ECM composition, and immunomodulation to shift
macrophage phenotypes. By dissecting amphibian mechanisms at cellular and molecular scales, we may unlock

translational pathways toward tissue engineering, transplant tolerance, and scar-free organ repair in humans.
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Tissue Regeneration and Stem-Cell Diversity in Amphibians: From the
Neurovascular Parallel Model to Immune Crosstalk

Introduction

Amphibians—especially newts such as Pleurodeles waltl, the axolotl (Ambystoma mexicanum), and North
American newts (Notophthalmus viridescens, Taricha spp.)—are representative vertebrate models that retain
remarkable regenerative capacity. These animals can fully regenerate complex tissues including limbs, lens,
retina, spinal cord, and heart. This review organizes what is known about regenerable tissues, the molecular
basis of limb regeneration, regeneration in the eye and central nervous system, crosstalk with immunity and
endocrine factors, and the types of stem/progenitor cells and their markers, while positioning the role of the
neurovascular parallel model.

1. Range of Regenerable Tissues
Amphibians exhibit striking regenerative abilities in the following tissues:
e Limb: Reconstruction from shoulder to fingertip with correct patterning of bone, cartilage, muscle,
tendon, blood vessels, nerves, and skin.
¢ Lens: Complete regeneration of the crystalline lens even in adults.
¢ Retina: Regeneration from retinal pigmented epithelium (RPE) and Mdiller glia.
e Spinal cord and tail: Axonal regrowth of motor neurons and reformation of neural circuits.
e Heart: Regeneration of myocardium and reformation of the coronary circulation.
e Jaw, glands, and skin: Scar-free reconstruction; skin pigment patterns are restored.

e Liver and kidney: Recovery of organ mass (with organ-to-organ variability in capacity).

2. Three-Phase Model of Limb Regeneration

1. Wound closure and formation of the wound epidermis (days):
A non-keratinized wound epidermis (AEC) forms and secretes FGF and Wnt. The dermis is degraded,
and the ECM is remodeled into a regeneration-permissive state enriched in hyaluronan, fibronectin, and
tenascin-C.

2. Blastema formation (1-2 weeks):
Locally derived, dedifferentiated cells accumulate to form a progenitor-cell mass. In addition to satellite
cell-derived contributions, dedifferentiation of mature myofibers contributes to the muscle lineage;
cartilage and tendon are mainly derived from fibroblastic lineages.

3. Patterning and differentiation (weeks to months):
Axes are reset by Shh—FGF8 mutual maintenance, Wnt/3-catenin, retinoic acid (RA), and Hippo—YAP
signaling. Growth is nerve-dependent: nerve-derived nAG (newt anterior gradient protein), neuregulin-1,

and FGFs drive blastema proliferation. Prod1 acts as a key determinant of proximodistal identity.

3. Regeneration of Lens and Retina
e Lens: Dorsal iris pigmented epithelial cells (PECs) dedifferentiate and convert into lens cells. Pax6,
Sox2, Six3, Prox1, and sustained FGF/ERK activity are essential.
e Retina: RPE and Miller glia dedifferentiate and re-form the neural retina. Ascl1, Pax6, Otx2, Notch

suppression, and sustained ERK activity are critical.
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4. Spinal Cord, Brain, and Peripheral Nerves

Spinal cord: Ependymoglial (ependymal/radial glia—like) cells proliferate and differentiate in a
Sox2/Notch—dependent manner; axons regrow under re-established guidance cues.
Peripheral nerves: Schwann cells transition into a repair phenotype, proceed through Wallerian
degeneration, and remyelinate. Nerves supply essential trophic support for regeneration.

5. Heart and Vasculature

Myocardium: Pre-existing cardiomyocytes round up and re-enter the cell cycle in a dedifferentiation-like
process; NRG1/ErbB, TGF-, and YAP contribute.

Vasculature: Revascularization via VEGF/FGF/PDGF. Nerves and vessels often run in parallel, with
VEGF-VEGFR and NGF-TrkA crosstalk coordinating their wiring.

6. Immune—-Inflammatory Crosstalk with Regeneration

Macrophages: Essential; their depletion leads to scarring.

CCR/CCL chemokine axis: Sequential recruitment of monocytes and T cells.

Transient cellular senescence: p16/p21-positive cells transiently appear and, via SASP factors,
promote blastema proliferation before being cleared by macrophages.

AEC: Supplies pro-regenerative factors and immunosuppressive cues.

7. Neurovascular Parallel Model

Definition: Nerve fibers and blood vessels elongate in spatial parallel, exchanging bidirectional signals
that support regeneration.

Key players: Schwann cells, endothelial cells, macrophages, AEC, and ECM.

Signals: VEGF-VEGFR2, NRG1-ErbB, guidance molecules (Netrins, Semaphorins, Eph—Ephrins,
Slit-Robo), and RA/Prod1.

Experimental evidence: Denervation or VEGF inhibition disrupts parallel alignment; deviating nerve
routes causes vessels to follow.

Applications: Neurovascular bundling reproduced by VEGF/NRG1 slow-release hydrogels and by

immune tuning.

8. Stem-Cell Types and Markers
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Neural stem/progenitor cells: Sox2, Sox3, Nestin, GFAP, Musashi-1 — Derived from ependymoglia.
Muscle stem cells: Pax7, Myf5, MyoD, M-cadherin — Satellite cells plus dedifferentiated myofibers.
Lens regenerative cells: Pax6, Sox2, Six3, Prox1 — Lens regeneration from iris PECs.

Retinal progenitors: Pax6, Sox2, Ascl1, Otx2 — Derived from RPE and Mdiller glia.

Epidermal stem cells: Keratin 5, Keratin 14, p63 — Drive AEC formation.

Hematopoietic stem/progenitors: Runx1, Gata2, c-Kit, Sca-1 — Supply immune cells to the
regenerative niche.

Neural crest/mesenchymal populations: Sox10, AP-2a, CD73, CD90, CD105 — Contribute to

craniofacial skeleton and connective tissues.
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9. Endocrine and Aging Influences
e Thymus and immunity: Promote a tolerance-biased milieu conducive to regeneration; thymus
transplantation modulates AMP expression and inflammatory tone.
¢ Thyroid hormone: In frogs, metamorphosis reduces regenerative capacity; newts retain high capacity
even in adulthood.

e Aging: Capacity is largely maintained, though kinetics slow.

10. Experimental Techniques and Medical Implications
e Gene delivery: Electroporation, viral vectors, and CRISPR.
e Single-cell analyses: scRNA-seq/ATAC-seq for lineage tracking.
« Live imaging: Transparent larvae and tissue clearing.
¢ Medical takeaways: Short inflammation, sustained ERK, trophic substitution for nerve dependence,
ECM reprogramming, and macrophage M2 polarization.

Conclusion

Amphibian regeneration is sustained by dedifferentiation with restricted plasticity and by a coordinated
network of nerves, blood vessels, and immune cells. Complete regeneration of limbs and central nervous
tissues offers direct clues for mammalian regenerative medicine. In particular, understanding the neurovascular
parallel model and immune crosstalk connects to advances in regenerative therapies, transplant immunology,
and tissue engineering.
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RIEBEICEEDH S miRNA B&LUVIETI—F RNA OF%E

1.NFkB/TLR #Z 4 L= SAEHIE
RAEHD miRNA & NFkB % Toll-like receptor (TLR) 5+ ILZN L THHRELZ ZHIET 5,
e miR-21: MAEMETHHRIELEFRIIME S, PTEN/PIBK-AKT #ZHA> TGF-B/Smad ZHEL . BFEIKRIE
0,
e miR-146a/b : IRAK1/TRAF6 ZiZRIIC NF-kB ZEMEFIE L. REDICEZ{EHE,
o miR-155 : FHEABFENCHEZA . BRI G IFGTRMEILHRANER,
o miR-223 : WFHEKOHEIRODRIGHEZHIM L. RIES AR % FAE.
2. 2/Ro7— UL AEER
BERMICETI/ O 7—CORBREEBRNADETHY . BHO miRNA HEFEE5T S,
e miR-124/ miR-125b : M2 EfEMH Z{E L. REEBFNREZES,
e miR-181a/b : T HIFEDIEEMHZHAE L. BEZYFDRENTVREEZ D,
3.ECM Y ETY VT LRMLHIH
BRMEIEZEEE. T2 ECM #3159 %5 miRNA ErHRESN TS,
e miR-29 family : A5 —47 VP ISR FUEGRFEIGH L. EH#HIEERZRIE,
e miR-200 family / miR-199/214 cluster : EMT % TGF-B/Smad ##& %/ L. BAIC# L= ECM JREE
EEYHT,
4. MEFHFE LEBRRIEE
BOELHICITERRCE L NEHEEE mRNA NEELL D,
e miR126 : VEGF U FILBEZM M L. MEHEZRE,
e miR-210 : HIF-1a [G&M T, EERIREITER,
e miR-221/222 : N MREADEE LA B FIEICEE,
5. EELELBMEHA AR
HRRFEEBEOBERICITHERE mRNA AEE5T 5,
e miR-9/ miR-124 : MiFepMARA MR, 7 ) 7 RIGHH . sRHBRELE,
o let-7 family : BIEHAIC—BFRIICHIFI S h, KBABRETELR T 5,
e miR-132 : BDNF [E&PLERA( F U RIZHS,
6. HRB\ELE L myomiR
BEMEN DD TSR TFIBEIZIE TmyomiR] ASELEET 5,
e miR-1/miR-133 / miR-206 : R DR SE-BAMED/NT > X ZHlfH,
e« miR-26a : SMAD1/4 Z/ L TH - #EEHBDHILE ECM HlH %A%,
7. IRE—=VJ LUBEER
BABOBHREE Hox ¥ 5 X2 —HE&E mRNA [CX->THBIEN S,
e miR-10/ miR-196 : Hox EEFHEEMHILLEE L. BRUEBMDT A T T4 T« EHEE,
e miR-31: BIFAfEE LR#EICES,
e miR-17-92 cluster : IEJELEFD T4+ XA v F,
8. LK - BlfE LK (AEC) D#fs
BIELRIZEAILETHS Z ENBEIZDLA,
e miR-203 : AL T FIILEMHIL. FEAILIKREZHREF,
e miR-205/ miR-200 family : fifafEFE /) 7 RIEZHE,
9. i - LVABAE
 ZBIECOLTII, NBEUECRUT. BPIRD 5 4 00 188-C BHobs ZRTHVET,
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BROBEBRETHRHE mRNA HEEL5,

e miR-182/183/96 cluster : R R T D,

e miR-7, miR-23, MmiR-24 : Pax6 %> Six/Otx #*v FhT—Y EXRZEL. LY APHREOBAIZHS,
10. IncRNA - circRNA D#%E|
RIE-BIK/ >a3—FT 424 RNA (X mRNA &L, TES/ LAVEEZHIET 5,

e MALAT1 : MEFHFELL EMT HilfH,

e HOTAIR:PRC2 #/t LTIES/ LEZHE,

o NEAT1 : RIEICEDEREIA/ SIL ZHIEH,

e circRNA (fill : circ-HIPK3, circ-ZNF609) : miRNA R7R> P & L THIREMEE A M 7 4 % Hil 1,
11. tRF - piRNA 72 ED/NM3F ncRNA

o tRNA-derived fragments (tRFs) : X kL R GEEOCRBERIRICE S,

e PpiRNA: BERNDY / LR EHERIZES,

EX.9)

AN RE-BABIEE. 2474 miRNANcRNA [Z& - THZRFIMN - MREREMICHIES TN S, 91
RIEDFHE (MiR-21, miR-146a) . R (miR-29) . BME{L (MiR-126) . #HEBEEK (MR-124, let-

7) . RS E-BRE (myomiR) LEMNRKKHITH S, oI, INcRNA +° circRNA A miRNA v kT —
DEMET D TEREE] ELTHEL. BEAZ Yy FORELLERATWVS, CALOMRIE. WEEICH TS

BAEEEHBORICERET S,

REFEICEEHS RNA Y R b (EYiESR=)

RNA i‘fﬁ"' 152 s nmmen ke AT (HEH)
iR SENH~T v o077 —ORBEM TGF- BEIXGEINH, &l Xenopus B, 77w 4
SRTIH  B/Smad, PTEN/PI3K-AKT S RASHIR — POk

IRAK1/TRAF6, TLR-NF-kB &% WELE mEHNI VR
miR-146a/b R IE 4 5 RIEUNR b 1)F b LR
MiR-155 REMHM MBI ifﬂﬁ REE pom memen
miR-223 RIEDFRE 7Bk - BEBRHIE RIEDFRE WHELEE, WA SRR
;nzil;-)124/miR- — M2 SE L. 2 :’iﬁﬁﬁ - RIEHD ;;57‘/9“—?%%, MHEL
miR-181a/b TSRTH ) URBRERE, REER RENT U RAR Eﬂa (A=) ma
miR-29 family ~ 1&{5#% COL1A1/3A1, ELN PRI AR, WIS
miR-200 family ~ B4 ZEB1/2, EMT #/# ZCM VETUY ELEE, AR
Z::;?glm FrHAIKTE TGF-B/Smad, HIF #%& RIEACHIHI/ERE u:ﬂﬁ’ TR
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5 R

RNA 5 FRIERRR #aE £YiE EFEREHI)
miR-126 BMELA VEGF &5 F LR MEFERHE mAEfE, £ FOIERK
RBIER - M
miR-210 BB HA HIF-1a &% & HEiR = THZLEE, mAfEIEME
miR-221/222 MmEFFE PN R i 7E i 1 IS s B R 2E THZLEE, mAfEIEME
$5v L 4—%H,
MRO/MiR-124 MEEAEL BEMe, BRMHE R AR A
Xenopus, "EZL5E
S H~5 HET ST
let-7 family iﬁ;ﬂ K AR - IEIBELER Ay F ZJEL & H¥35 < 24—, Xenopus
kS ;i-
miR-132 HIERE BDNF &%, AR AAM 4R HIRRERE THELEE, AR
iR-1/133/206  f5EioME~F _ _
mis e B EEET GEEEE A EGEE, WIS
(myomiRs) EHA
i - r\nﬁnﬂn ; A - "I:léngn ‘/\ﬂ:
miR-26a :'_%Z b SMAD1/4 ; ;i i i A4 SRR, ELEE
miR-10/ miR-196 7S5 X F<H Hox ¥ S X4 —, RA-Meis 8 IBIEHRBESRE Y5V 45—, A%E
miR-31 LTR#%EE  RIEASEESE BEFEREK AFETHL, WMELEEE
miR-17-92 cluster 75 A T <& 15 - £7FK BERA v F WA EIRME, HELE
miR-203 AEC Rk A1bnsH EAIHE WAL, HELE
miR-205 / miR- _ . . . Y
200 rEB4EH E-cadherin *v FJ—% RN 7EIE  TEILEE, mAEEIRGE
iR-182/183/96 RPE— f##Z A= xn
Zl:ster BIEELY SRR . TR 21, Xenopus
iR-7, miR-23, L YX-ifEE .
m!R 24m| E;Hﬂ iR Pax6, Six, Otx #Z& BERA Y FHE A4 E), Xenopus
miR- i
MALAT1 MEFHFEE XTSALUFHE EMT HIE mMEFHE, EMT  WEHELE, mEHERE
. i R - EMT &3 o N
HOTAIR R HA PRC2 KTEIT ES / LFIHE s WHELFE, A4 FEIx
P kle BsRk, REEELEFHR
NEAT1 K roepeete P RERETH o e Ui WIS, AR
TS X774 7HRO— kL,
IncRNA £ IATIH fE, Mm%, Wnt/FGF & BaE/NT#EE 4
2 Pleurodeles
£ , MmE
circRNA B BAEH miRNA X R & mBN, M A TR H R 1N

£, BEERE
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Roles of miRNAs and Non-Coding RNAs in Inflammation and Regeneration

1. NF-kB/TLR-Mediated Inflammatory Control
miRNAs activated during the early injury phase regulate NF-kB and Toll-like receptor (TLR) signaling to fine-tune
innate immune responses.
¢ miR-21: Upregulated in amphibian regeneration (Xenopus tail, salamander limb); modulates
PTEN/PI3K-AKT and TGF-B/Smad pathways, suppressing excessive inflammation.
¢ miR-146a/b: Targets IRAK1 and TRAFBG, establishing a negative feedback loop for NF-kB and promoting
resolution of inflammation.
¢ miR-155: Facilitates initial immune clearance but persistent expression can favor fibrosis.
¢ miR-223: Controls neutrophil and monocyte reactivity, guiding the resolution phase.
2. Macrophage Polarization and Immune Tolerance
Macrophage phenotype switching is essential for successful regeneration, supported by several miRNAs.
¢ miR-124 / miR-125b: Promote M2 polarization, creating an immunotolerant regenerative niche.
¢ miR-181a/b: Modulate T cell responsiveness and maintain immune balance in the blastema.
3. ECM Remodeling and Fibrosis Control
To avoid scarring, miRNAs regulate extracellular matrix (ECM) deposition and remodeling.
¢ miR-29 family: Suppress collagen and elastin genes, exerting strong anti-fibrotic effects.
¢ miR-200 family / miR-199/214 cluster: Influence EMT and TGF-B/Smad signaling, promoting a
regeneration-permissive ECM state.
4. Angiogenesis and Hypoxia Response
During the revascularization phase, hypoxia-responsive miRNAs drive vascular growth.
¢ miR-126: Endothelial-specific; enhances VEGF sensitivity and promotes angiogenesis.
¢ miR-210: HIF-1o—responsive, facilitating metabolic adaptation under hypoxia.
¢ miR-221/222: Regulate endothelial migration and sprouting, with context-dependent roles.
5. Neural Regeneration and Axon Guidance
Nerve dependence of regeneration involves neural miRNAs.
¢ miR-9 / miR-124: Maintain neural stemness, repress glial reactivity, and promote axonal growth.
e let-7 family: Temporarily suppressed during proliferation, later restored to promote maturation.
¢ miR-132: Responds to BDNF and supports axonal guidance.
6. Muscle Regeneration and myomiRs
Muscle dedifferentiation and redifferentiation rely heavily on “myomiRs.”
¢ miR-1/ miR-133 / miR-206: Orchestrate the balance between myofiber dedifferentiation and
redifferentiation.
¢ miR-26a: Regulates SMAD1/4, balancing muscle and connective tissue differentiation with ECM control.
7. Patterning and Positional Identity
Hox cluster—embedded miRNAs reinforce positional identity during regeneration.
¢ miR-10/ miR-196: Re-activated along with Hox genes, re-establishing proximodistal identity.
¢ miR-31: Promotes wound closure and epithelial migration.

¢ miR-17-92 cluster: Acts as a proliferative “on switch” during blastema expansion.
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8. Wound Epithelium (AEC) Maintenance
A non-keratinized wound epidermis is critical for blastema induction.
¢ miR-203: Suppresses keratinization, maintaining the regenerative epithelial state.
¢ miR-205/ miR-200 family: Regulate epithelial barrier recovery and cadherin-mediated adhesion.
9. Retina and Lens Regeneration
Specific miRNAs are crucial in eye tissue regeneration.
¢ miR-182/183/96 cluster: Maintain photoreceptor lineages.
¢ miR-7, miR-23, miR-24: Interact with Pax6, Six, and Otx transcriptional networks to promote lens and
retinal reprogramming.
10. IncRNAs and circRNAs
Long and circular non-coding RNAs cooperate with miRNAs to regulate epigenetics and transcription.
¢ MALAT1: Controls endothelial splicing and angiogenesis.
¢ HOTAIR: Modulates chromatin via PRC2 and influences EMT/fibrosis.
e NEAT1: Shapes nuclear paraspeckles and temporal pulsing of immune responses.
e circRNAs (e.g., circ-HIPK3, circ-ZNF609): Act as miRNA sponges, regulating migration, angiogenesis,
and myogenesis.
11. Small ncRNAs (tRFs, piRNAs)
¢ tRNA-derived fragments (tRFs): Adjust translation and immune responses under stress, aligning with
metabolic shifts in injury.

e« piRNAs: Likely contribute to genome stability by repressing transposons during regeneration.

Conclusion
Amphibian inflammation-regeneration dynamics are orchestrated by diverse miRNAs and ncRNAs in a cell type—
and time-dependent manner. Key examples include miR-21 and miR-146a for early inflammation control, miR-29
for antifibrotic action, miR-126 for revascularization, miR-124 and let-7 for neural rewiring, and myomiRs for
muscle dedifferentiation and reformation. IncRNAs and circRNAs integrate these networks as higher-order
“switchboards,” stabilizing the regenerative niche. Understanding these non-coding RNA—mediated mechanisms

provides critical insights for designing regenerative strategies in mammals.

RNA involved in inflammation and regeneration

Species (reported

RNA Expression timing Main targets/pathways Functions
examples)
Macrophage polarization, Suppresses excessive
Xenopus tail,
miR-21 Early injury — blastema TGF-3/Smad, PTEN/PI3K- inflammation, promotes wound
Salamander limb
AKT closure

Mammals,
IRAK1/TRAF6, negative
miR-146a/b Inflammatory phase Inflammation resolution transcriptomics in
feedback of TLR-NF-kB
amphibians

Mammals, amphibian
miR-155 Early inflammation M1 polarization Pro-inflammatory, fibrosis-prone
candidates
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RNA Expression timing
miR-223 Resolution phase
miR-124 / miR-

Inflammatory phase
125b
miR-181a/b Blastema stage
miR-29 family Post-injury
miR-200 family Regeneration phase
miR-199/214

Stage-dependent
cluster

Revascularization
miR-126

phase
miR-210 Hypoxic phase
miR-221/222  Angiogenesis
miR-9 / miR-  Neural regeneration
124 phase
let-7 family Early—late regeneration
miR-132 Neural regeneration

miR-1/133/206

(myomiRs)

miR-26a

miR-10 / miR-
196

miR-31

miR-17-92

cluster

Muscle
dedifferentiation—

redifferentiation

Muscle/connective

tissue regeneration

Blastema phase

Epithelial migration

phase

Blastema phase

Main targets/pathways

Neutrophil/monocyte

regulation

M2 polarization,

neuroinflammation control

Lymphocyte selection,

immune tolerance

Suppresses COL1A1/3A1,
ELN

ZEB1/2, EMT regulation

TGF-B/Smad, HIF pathways

Sensitizes VEGF signaling

HIF-1a responsive

Endothelial migration

regulation

Neural differentiation, axon

growth

Maturation switch, cell cycle

arrest
BDNF response, axon

guidance

Myogenic factors

SMAD1/4

Hox clusters, RA—Meis axis

Wound closure regulation

Proliferation & survival

pathways

Functions

Fine-tunes inflammation

Immune tolerance, anti-

inflammatory

Balances immune tone

Anti-fibrotic

ECM remodeling

Fibrosis suppression/induction

Promotes angiogenesis

Metabolic shift, angiogenesis

Angiogenesis modulation

Promotes neuroregeneration

Down in early phase, up in

differentiation

Neurotrophic support

Muscle regeneration control

Regulates muscle & connective

tissue

Reset positional identity

Defines regeneration field

boundary

Growth “on-switch”

Species (reported
examples)
Mammals, amphibian
candidates
Salamander nervous
system, mammals
Amphibians (newts),
mammals

Detected in

amphibians, validated

in mammals

Mammals, amphibian

candidates

Mammals, salamander

candidates

Amphibians, human

endothelial cells

Mammals, amphibian

candidates

Mammals, amphibian

candidates

Salamander spinal
cord, Xenopus,

mammals

Salamanders, Xenopus

Mammals, amphibian

candidates

Newt muscle

regeneration, mammals

Amphibian candidates,

mammals

Salamanders, fish

Strong in fish,
amphibian candidates
Amphibian candidates,

mammals

o0e0
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RNA Expression timing
miR-203 AEC formation phase
miR-205 / miR-

Epithelial regeneration
200
miR-
182/183/96 Retinal regeneration
cluster
miR-7, miR-23,

Lens/retina regeneration
miR-24
MALAT1 Angiogenesis phase
HOTAIR Fibrotic phase
NEAT1 Inflammatory phase

IncRNA group Blastema-specific

circRNA group Regeneration phase

Main targets/pathways

Suppresses keratinization

E-cadherin network

Maintains photoreceptor

lineage

Pax6, Six, Otx networks

Splicing regulation, EMT

control

PRC2-mediated epigenomic

control

Paraspeckle formation,

immune gene regulation

Immune, vascular, Wnt/FGF

responses

miRNA sponges

Functions

Maintains non-keratinized

wound epithelium

Restores epithelial barrier

RPE — neural retina transition

Regeneration switch modulation

Promotes angiogenesis, EMT

Fibrosis/EMT regulation

Pulsatile immune responses

Regeneration hubs

Epithelial migration,

angiogenesis, myogenesis

Species (reported

examples)

Amphibians, mammals

Mammals, amphibian

candidates

Newts, Xenopus

Newts, Xenopus

Mammals, amphibian

candidates

Mammals, amphibian

candidates

Mammals, amphibian

candidates

Axolotl, Pleurodeles

Detected increasingly

in amphibians

o0e0
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HIRFF /RS F miRNA —EX

LR# (Upregulated)

RNA

miR-21

miR-146a/b

miR-155

miR-223

miR-125b

miR-181a/b

miR-29 family

miR-
200a/family
miR-199/214

cluster

miR-126

miR-210

miR-221/222

miR-9 / miR-
124

let-7 family

miR-132

B
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HiE
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iE

miR-1/133/206 #

miR-26a

I
kit

it it
SEH~
TJS5RAFV
£

RAEH

RAEFIH

BE®

BAH

Fr K TE

B EH

BB RE

I &4

HEEER

oMEH (&
)

MEEAER

®EY (B
&)

BAH

FRRER

<077 —UREE TGF-

B/Smad, PTEN/PI3K-AKT
IRAK1/TRAF6, TLR-NF-kB

M1 &4

yFrpEBk - BABKEIE

Sema4D

) BGERYE, RERER

COL1A1/3A1, ELN N4l

ZEB1/2, EMT i

TGF-B/Smad, HIF
VEGF 45+ IL

HIF-1a

R R s RE

iz, EMEREE

BARARA v F

BDNF B2

o LB EERTF

SMAD1/4

HERE

BE|REEHH], RIS
RIEE, BAFRAGH

¥
RIEUNR

RIS - BRIEETTME

REDTHR

HRBLERE, REE

o3

=

RE/NT VU REAE
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ECMUYETY LY,
IR N

R L I 0
& Hr A R

RBERg, mEHE

I & fZ RL
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mEELERE

RLFAE (R

ERERE

AME (@EH)

Xenopus E, Y35
T U —mEk

HELEE, m4%E
HELE, MR
LG

HELEE, M4
G

Y58 —HEE,
HELLE
mAEE (1EY) ,
L8

MIAESE, WELSE

HELEE, mAEEE
##

HELEE, o<y
B — {54

WA E b
HELEE, mAEE
#

HELEE, mAEEE
##

YSIUH—,
Xenopus, MHZLEE
yIIoF—,
Xenopus

HELEE, M4
##

1€, WHILE

- EEHREOLIRE M4, WIE
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B

RNA " RN  ELOENBKR e £piE (EHREH)
iR-10 / miR- TJS5SAFT ST — A
m m BaEF T Hox, RA—Meis &# MERREHRTE . b
196 i ]
miR-31 ;4 L RE#%EIHE SIFAHERE BAEFERER 58, mAEERME
miR-17-92 TJS5RTFV _
BEH HETE AR R BIERA v F mAsE, WELE
cluster HA
miR-203 ;4 AEC F2RcHA A1E i ALt mAsE, WELE
WELEE, WMAHE
miR-205 bR EEBAY E-cadherin kv kT—%  FEAYFEE *Z? R mERR
miR-
182/183/96 = HIERAEH RMERIIMHE A= Enth 4 &), Xenopus
cluster
Ly
miR-7, miR-23, _
R4 X -8 BEH Pax6, Six, Otx BERS v FHE 4 E'), Xenopus
miR-
f&
MALATA1 me MELEE, HFA1
S MSEAS RTSALUY EMT MG HE, EMT RAM, WLk
(IncRNA) a4 7
HOTAIR e B T
B2 wmim  PrC gl - EMTIE o PERR
(INcRNA) 8 f#
NEAT1 THZLEE, mAEE
GEFR REH Paraspeckle, Sl RIERSE /UL RAE o *
(IncRNA) 7
TJSRATV & - ME - Wnt/FGF A<O— kL,
INGRNA B¢ S AT _ % B n Tk
HA TRe=3 Pleurodeles
el FRBE, NS
. . or as , MEHE, \
circRNA E:é - B4EH miRNA R R & N — [oje =]
f

{E T2 (Downregulated)

RNA HBEEAL FRER X ENAREE Bk £y (E@HEH)
miR-206  #5 A o EEE AR, TORER A, HELE
let-7 family £ #i& #EA BRERRXA v F MEAIEIH. TDEBLFE Y5724 —, Xenopus

FEH
o HWIZERTABE: miR-21, miR-200a, miR-125b, miR-196, miR-126, miR-210, 7 & 2%,
o MBHEKETERT S8 mR-206 (#H| %HAT) | let-7 family (¥)H#A| £HEAT) .
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List of miRNAs by Expression Changes (Uprequlated/Downrequlated)

Upregulated miRNAs

RNA

miR-21

miR-146a/b

miR-155

miR-223

miR-125b

miR-181a/b

miR-29

family

miR-

200a/family

miR-
199/214

cluster

miR-126

Expression

site

Tail, limb

General

(immune)

Immune

system

Immune

system

Spinal cord,

neural

Blastema

Connective

tissue

Spinal cord,

epithelium

General

Vasculature

Expression

stage

Early injury —
blastema

Inflammatory

phase

Early
inflammation

Resolution phase

Neural

regeneration

Blastema stage

Post-injury

Regeneration

Stage-dependent

Targets/Pathways

Macrophage
polarization, TGF-
B/Smad, PTEN/PI3K-
AKT

IRAK1/TRAF6, TLR-
NF-«kB

M1 polarization

Neutrophil/monocyte

regulation

Sema4D

Lymphocyte selection,

immune tolerance

COL1A1/3A1, ELN

suppression

ZEB1/2, EMT control

TGF-B/Smad, HIF

Revascularization VEGF signaling

Functions

Suppresses excessive
inflammation,
promotes wound
closure, maintains

blastema

Inflammation

resolution

Pro-inflammatory, pro-

fibrotic

Fine-tunes

inflammation

Axonal regrowth,

immune tolerance

Balances immune

tone

Anti-fibrotic

ECM remodeling, scar

suppression

Fibrosis regulation

Promotes

angiogenesis

Species

(examples)

Xenopus tail,

Salamander limb

Mammals,
amphibians
(transcriptomic)
Mammals,
amphibian
candidate
Mammals,
amphibian
candidate
Salamander
neural tissue,
mammals
Amphibians
(newts),
mammals
Amphibians
(detected),
mammals
(validated)

Mammals,
amphibian
candidate
Mammals,
salamander
candidate
Amphibians,
human

endothelial
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Expression
RNA .

site
miR-210 General
miR-

Endothelium
221/222
miR-9 / Spinal cord,
miR-124 neural
let-7 family General
miR-132 Neural tissue
miR-

Muscle
1/133/206

Muscle,
miR-26a connective

tissue
miR-10/

Blastema
miR-196
miR-31 Epithelium
miR-17-92

Blastema
cluster
miR-203 Epithelium
miR-205 Epithelium
miR-
182/183/96 Retina
cluster

Expression

stage

Hypoxia phase

Angiogenesis

Neural

regeneration

Differentiation
(late)

Neural

regeneration

Late

(redifferentiation)

Regeneration

Blastema stage

Epithelial

migration

Blastema stage

AEC formation

Epithelial

regeneration

Retinal

regeneration

Targets/Pathways

HIF-1a

Endothelial migration

Neural differentiation,

axon extension

Maturation switch

BDNF response, axon

guidance

Myogenic genes

SMAD1/4

Hox cluster, RA—Meis

axis

Wound closure

Proliferation, survival

Keratinization

suppression

E-cadherin network

Photoreceptor

maintenance

Functions

Metabolic shift,

angiogenesis

Regulates vessel

formation

Promotes

neuroregeneration

Promotes maturation

Neurotrophic support

Muscle regeneration

Species
(examples)
Mammals,
amphibian
candidate
Mammals,
amphibian
candidate
Salamander
spinal cord,
Xenopus,

mammals

Salamander,
Xenopus
Mammals,
amphibian
candidate

Newt muscle,

mammals

Regulates myogenic & Amphibians

connective tissue

differentiation

Reset positional

identity

Defines regenerative

field boundary

Growth “on-switch”

Maintains non-

keratinized epidermis

Restores epithelial

barrier

RPE — neural retina

conversion

(candidate),

mammals

Salamanders,
fish

Strong in fish,
amphibian
candidate
Amphibians
(candidate),
mammals
Amphibians,
mammals
Mammals,
amphibian

candidate

Newts, Xenopus

o0e0

#OEBIHIDLTIT, MEEMBIDNUT. Bf RO A2 O IEE- CBAObE ER_THVET.
HRRREE C =T olpa RN B E Y —RRBVIRE M AAIC A RIS 5. THETIAGELIILET,

D
-¢\\‘

2N )
HAL lab.axolotl



Expression Expression . Species
RNA . Targets/Pathways Functions
site stage (examples)
miR-7, miR- _ Lens/retina _ _ _
_ Lens, retina _ Pax6, Six, Otx Regeneration switch  Newts, Xenopus
23, miR-24 regeneration
Mammals,
MALATA1 Vasculature,
o Angiogenesis Splicing, EMT Angiogenesis, EMT  ampbhibian
(IncRNA)  epithelium _
candidate
Mammals,
HOTAIR Connective _ _ Fibrosis/EMT .
] Fibrosis phase PRC2 ] amphibian
(IncRNA) tissue regulation )
candidate
Mammals,
NEAT1 Inflammatory Paraspeckle, immune Pulsatile immune .
Immune ) amphibian
(IncRNA) phase regulation response ]
candidate
IncRNA Immune, vascular, ) Axolotl,
Blastema Blastema stage Regeneration hub
group Wnt/FGF Pleurodeles
_ Epithelium, Cell migration, o
circRNA ) ) ] ) Amphibians
vasculature, Regeneration miRNA sponge angiogenesis,
group ) (reported)
muscle myogenesis
Downregulated miRNAs
Expression Expression . Species
RNA . Targets/Pathways Functions
site stage (examples)
miR- ) Down early — upregulated
Muscle Early phase Myogenic genes ) ) Newts, mammals
206 later, drives myogenesis
let-7 ) ) Suppressed early — reinduced Salamanders,
. General Early phase Maturation switch
family later Xenopus
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Figure 3

The different miRNAs that have been discovered during axolotl regeneration. Candidate miRNAs that have been

studied when spinal cord, tail, limb regenerate show that some are upregulated and others downregulated. Of

these, miR-21 showed an upregulation during both tail and limb regeneration. miRNAs, micro RNAs
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Exploring the role of microRNAs in axolotl regeneration

Abo-Al-Ela, H. G., Burgos-Aceves, M. A.
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Abstract

The axolotl (Ambystoma mexicanum) is a premier vertebrate model for regeneration, capable of fully restoring
complex organs such as limbs, tail, spinal cord, and heart. Unlike mammals, which largely rely on scar-based
healing, axolotls form a blastema composed of dedifferentiated or progenitor cells that rebuild tissues.
Noncoding RNAs, particularly microRNAs (miRNAs), act as critical regulators in this process by orchestrating

gene expression programs essential for blastema formation, cell proliferation, and differentiation.

Key Points

¢ Roles of miRNAs
miRNAs such as miR-21, miR-125b, miR-200a, miR-133, miR-196, and the let-7 family are dynamically
regulated during spinal cord, tail, and limb regeneration. Notably, miR-21 is strongly upregulated in both
tail and limb regeneration, targeting Jagged1 to modulate differentiation.

e Spinal cord regeneration
miR-200a regulates glial proliferation and prevents scarring, while miR-125b targets Sema4D to enable
axonal reconnection. Unlike mammals, axolotls suppress scar formation.

e Tail regeneration
miR-196 is upregulated near the amputation plane, modulating Pax7/BMP4/Msx1. miR-206 is initially
downregulated and later induced to promote muscle differentiation.

e Limb regeneration
Wound epidermis forms rapidly post-injury to initiate blastema. miR-21 is again highly expressed,
supporting blastema maintenance. Other players include miR-10b-5p and miR-427.

e Signaling crosstalk
miRNAs integrate with Hedgehog, retinoic acid (RA), FGF, and Notch signaling to fine-tune regeneration.

¢ Immune system and ROS
Macrophages are essential for successful regeneration. miRNAs (e.g., miR-23a, let-7i, miR-21) modulate
immune responses and ROS signaling to create a pro-regenerative microenvironment.

e Stem cells and dedifferentiation
Satellite cells and fibroblasts contribute via partial dedifferentiation to heterogeneous blastema

progenitors, with miRNAs actively involved in their fate decisions.

Conclusion

miRNAs are central to the orchestration of axolotl regeneration, precisely regulating the timing, location, and
function of cellular responses. To date, 297 novel and 352 conserved miRNAs have been identified in axolotls.
Comparative analyses highlight their potential as therapeutic molecules and as entry points for regenerative

medicine in humans.

@O0 S ERILCONTIT, ML SBICRLT, SPIRD S 2 OO 1882 Bhobr SR THUET, > =S
TR | SRS A IR Y. — SV R GRS EE. TOEEMRLILET. | R
3 ab.axolo




E§ : Abstract

7HRB— kL (Ambystoma mexicanum) |&. HEk. EB. . DG EDEHLRELZTLRICHET SN ZE
BOEHSYDETILTHD. COBLERANE, E FEEUHIAFLIIMBHTHY . WELETHIEGRICRE
EARABAMNEZHDIIR L, 7HRA—MLTEIBEFIEE IS, BEF(E. BIFEOMBEN oBEHE UI-Hia
OHIEEMERREN SR YIS, BEEOFHEES, JEa— FRNA (ncRNA) | 4512344~ 8 RNA (miRNA)
. BEEFREOHIHZBELTIOBRICEZLGRINZR-LTHY, M8k, 2. RELE. BILET
EELGE. BEOERETHEMNICE <, BFEOMETIE. 7HRO— MLEBEICEET 5 352 BEOREIN:
miRNA & 297 FE5ED#FHHE miRNA ARIESN TS, IniblE, HH. BE. BEOBELIZELWTT7y LY
A= arvFEREFIULFAL—2 3 ENB I EAERINTLS, Z20OHT miR-21 (X, BE&LUM
BOMADBEICEWT—ELT7ZyILFal—2arvEnd I eAREn, Notch A K Jagged! %
B E L THMEBRICEEZRITT., ChoDHREIF. BEERIZE TS mRNA OBEMGICHAATREEE R
LTW%,

The axolotl (Ambystoma mexicanum) is a vertebrate model with the remarkable capacity to regenerate complex
organs, including limbs, tail, spinal cord, and heart. Unlike mammals, which undergo scarring after injury, the
axolotl forms a blastema composed of dedifferentiated and progenitor cells that drive tissue reconstruction.
Noncoding RNAs (ncRNAs), particularly microRNAs (miRNAs), play pivotal roles in this process by modulating
gene expression programs associated with cell proliferation, differentiation, immune responses, and redox
signaling. Recent studies have identified 352 conserved and 297 novel miRNAs involved in axolotl regeneration,
many of which are dynamically upregulated or downregulated in spinal cord, tail, and limb regeneration. Among
these, miR-21 is consistently upregulated during both tail and limb regeneration, targeting the Notch ligand
Jagged1 and influencing differentiation. These findings highlight the potential applications of miRNAs in
regenerative medicine.
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E A Introduction

EHEBMOPTY, BERENICTERZLENHY FT ., WEETIHEGIIH L TEICHRERRATHIGLET
M. MEE, BICERBEIR - -BEZFACENYRT CEMNARETY, 7HRA—MLEZOREKFITH
Y. mEEOCRE. HH. DE. SOICEMO—EICETEERNZERLET,

COREAIE, BEERICEAINIEEGELR., XEHEEZPLELE-RECEDORE, £LT IBEF) L
ENSMBERAOERE NS T-—ED TOLRIZKZ ONTWET, BEFICIHEHFMBCHY T4 M
fa. MERNRCHZROMBAEENSML., —BMICEEME L TRIEMRRE LTEEET ., oD,
FGF % Wnt, RA. Notch, Hedgehog HEDRLEL T FILEEYICBUMEL. E2HBELEYELE
ED

CONFHIEHOPTEELZRINZES DA I EI— K RNA, (T4 -2 0RNA (mRNA) TI, mRNA (&
MRNA OFIREMA DL TEGFRREZAG L. BEOREETEHEET, 7RO— FILTIE mRNA O
ENBEBETRECELLT LI ENEROMRTHRESNTEY . Binie. BiE, 2. RECEIIEEL
BEZB3TENHMOENTWVET, fzEL. TOLEBEFELETRICEBIATOERA, RFEXIE. BB L UH
F mRNA QEEZEEL, LICEH. B, NRBAETORENEREZHBALTLET,

Among vertebrates, regenerative ability varies enormously. Mammals generally heal injuries through scar
formation, whereas amphibians—and particularly urodeles—can fully regenerate lost body parts. The axolotl is a
key example, capable of restoring limbs, tail, spinal cord, heart, and even parts of the brain.

This remarkable capacity depends on sequential processes: the establishment of a wound epidermis,
modulation of immune activity by macrophages, and the emergence of a “blastema,” a collection of cells that
dedifferentiate to become progenitor-like. Fibroblasts, muscle satellite cells, vascular endothelial cells, and
neural elements all contribute, later redifferentiating under the influence of developmental signals such as FGF,
Whnt, RA, Notch, and Hedgehog to rebuild intact structures.

Central to the molecular regulation of these events are noncoding RNAs, with microRNAs (miRNAs) being
especially prominent. By repressing translation, miRNAs adjust gene expression programs, and multiple studies
have shown dynamic shifts in their expression during axolotl regeneration. These changes influence
dedifferentiation, proliferation, differentiation, and immune responses. Despite significant progress, a complete
picture of axolotl miRNA biology remains elusive. This review highlights both conserved and novel miRNAs,

emphasizing their roles in spinal cord, tail, and limb regeneration.
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Fi%: Methods

CO#ERIE. 7HRA—MLOBAEIZEITS mRNA OFBICELTABMINTLWAIHMEEZEELI-LDTYT,
ZE2& (X PubMed. Scopus. Web of Science L ENDEET—2X—XZFRLY, Taxolotll] microRNA]
'ncRNA] Tregeneration] [llimb] T[spinalcord] Ttail] HEDBRREBELZHABADOETXMEANE L=,
512, RNA-seq ZFRIALTz FS VR ) T b—LE@HFP, BEBETO mRNA FHRZEEIELEZHRED
SHRLTVWET, SOON-HREFMFEB L (BiE. B, TR . RREFE (EF - TER) . 8L UEE
THREEGEFOVIFILRESLIZHESh, EBEATTODAE LT,

This review consolidates published findings on the functions of miRNAs during axolotl regeneration. Literature
searches were conducted in PubMed, Scopus, and Web of Science using terms such as “axolotl,” “microRNA,”
“ncRNA,” “regeneration,” “limb,” “spinal cord,” and “tail.” Additional sources included transcriptomic studies
employing RNA-seq and functional investigations reporting expression changes of miRNAs during regeneration.
The collected work was organized by tissue type (spinal cord, tail, limb), by direction of regulation (up- or

downregulation), and by association with particular target genes and signaling pathways, facilitating cross-study

comparisons.
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#£8: Results

1. BHEHLICEH S miRNA
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2. EB4£ICE+H % miRNA
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T, let-7 77 2 —IXFBEDORIICHKAS TFILE LTEL,

3. mMEZB/AICBIH D miRNA
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—ELTHEIN. Notch REEN L THEFOMIFICEDL S, fhIZH miR-10b-5p ¥ miR-427 i EMNFLE
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4. VUFIVEREDREE

miRNA (& FGF. Wnt. RA. Notch., Hedgehog 7 ERLEL JFHILEEE L., 8B - H1t - MMEFROFIEZE
FELTWLDS,

5. RENE LBRILETHIE

REHREBECKHETHY. HETIHIEEENEEINS, miR-21, miR-23a, let-7i 7 EFREIGE LBIL
NS URERZ . REDEHEEHE O OBEREZEMT 5,

6. EifliRa & BiorE

YT o4 MEROCRMESFMRG EORAMRIERESE L CTBEF#EHT SREBMRICERIND, OB
212 miR-133, miR-206, miR-125b X EABEET B Z LA REINTILVS,
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#£8: Results

1. miRNAs in spinal cord regeneration

Axolotl spinal cord regeneration involves several key miRNAs. miR-200a reduces glial proliferation and scarring,
preserving a permissive environment. miR-125b targets Sema4D, aiding axonal outgrowth and reconnection.
miR-21 contributes to blastema establishment by regulating immunity and cell proliferation.

2. miRNAs in tail regeneration

Tail regrowth mirrors developmental programs. miR-196 is upregulated near the injury plane, modulating Pax7,
BMP4, and Msx1. miR-206 shows temporal regulation: suppressed early, induced later to promote muscle
differentiation. The let-7 family serves as maturation cues at later stages.

3. miRNAs in limb regeneration

During limb regeneration, wound epidermis precedes blastema formation. miR-21 is robustly induced and
influences the Notch pathway, ensuring blastema maintenance. miR-10b-5p and miR-427 are also implicated in
this process.

4. Crosstalk with signaling pathways

miRNAs interact with FGF, Wnt, RA, Notch, and Hedgehog pathways to balance proliferation, differentiation, and
positional identity.

5. Immune and redox regulation

Macrophages are indispensable; their depletion blocks regeneration. miR-21, miR-23a, and let-7i fine-tune
immune and redox responses, preventing excessive inflammation while supporting regeneration.

6. Stem cells and dedifferentiation

Local cells like muscle satellite cells and fibroblasts dedifferentiate into progenitor-like cells forming the

blastema. miR-133, miR-206, and miR-125b are linked to these transitions.
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#£%: Discussion

CCETOHEMNS. MRNA FBEDH P HEETEC T1N\T] ELTHELTVWS I ENENTENSD,
HERTEIMREZMA. BRBLEZITS mRNA AFEL, BTE/AZ —UEBCHMEZRET S miRNA

AR EFMICE <, ERTIE miR-21 NBEFHEROFLHEEZEL., 0 miRNA 3LEBMICELS,

EBlZ. mRNA FRESTFILORESATLERRISEELTEY .. KENRSINMEWESIZHRAET LGNS
BARIRZEZATWVS, SROFEL. mRNA OFMELRFERENICEEL. REORREHEZERT L
E.ZELTINODAMRZE FOBEERICKAT 2EZRLICETH D,

The collected evidence highlights miRNAs as hubs orchestrating multiple stages of regeneration. In the spinal
cord, they suppress scarring and promote axonal repair. In the tail, they temporally regulate patterning and
muscle redifferentiation. In the limb, miR-21 emerges as a central regulator of blastema formation, supported by
additional miRNAs. These molecules interface with developmental pathways and the immune system,
preventing prolonged inflammation and enabling a regenerative setting. Future directions include identifying
direct targets, unraveling temporal regulation, and translating these insights into regenerative medicine for

humans.

#54: Conclusion

F7HRA— MLOBERENIE. mRNA 2L DEEFHIEICKEEKFLTLNS, TAFETIC 300 FEHULOH
# miRNA & 350 BEL LOREFH mRNA BNRIESNTE Y. ThendREFlE, MR, 24—
B, MBBELICFESELTWS, ChALOHMRIX. £ FEBEAERIZ mRNA ZEHTAAREMZH<, 5%
(. ZEMEGFORENTHEACHBMTIHSEOEREZEDSL LT, BEMRLHOERCANLBELL
AREICTE B EHIF SN D,

Axolotl regeneration heavily relies on miRNA-mediated regulation. More than 300 novel and 350 conserved
miRNAs have been identified, each contributing to immune modulation, cell cycle control, patterning, and tissue
restoration. These findings suggest that miRNAs could serve as tools in human regenerative medicine. Future
studies aimed at mapping miRNA targets and understanding temporal control will help translate axolotl biology

into clinical advances.
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The Role of Stem Cells in Limb Regeneration
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Limb regeneration in axolotls.
Limb regeneration in axolotls. The axolotl follows a cellular mechanism of dedifferentiation and tissue-resident
stem/progenitor cell activation for blastema formation (A) and subsequent differentiation to regenerate

amputated limb (B).
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Limb regeneration in newts.

Limb regeneration in newts. Newt amphibians utilize a diverse array of cellular mechanisms for blastema
formation (A), demonstrating both dedifferentiation and activation of both tissue-resident stem/progenitor cells
and mature myocytes (muscle regeneration only). (While dedifferentiated dermal fibroblasts likely contribute to
both dermal and skeletal regeneration, this has not been specifically shown in a newt model.) The cells forming

the blastema then differentiate or re-differentiate to reconstitute the missing tissues of the amputated limb (B).
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Digit tip regeneration in mammals.

Mice employ cellular mechanisms that activate tissue-specific stem/progenitor cells for the formation of a

blastema-like structure (A) which undergo germ-layer and lineage-restricted differentiation to reconstitute the

distal digit tip (B).
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Andrias japonicus DIE

1. EXRFREDEE

"A NE
2%  Andrias_japonicus (Temminck, 1836)
H4$  Japanese Giant Salamander
= Caudata (EER)
# Cryptobranchidae (#4223 oFH)
B Andrias
KRRK 1.5 m KE 20 kg LLE, BEITF L BIEAFEMEREND, KEFBE~KERT
AL < KRR THEIR AT RE (RZ 8 IR .
AT - EESE ANOSEDOTORFIFEIICEN. ABECRBREZRET .
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. HARKOWMEHD—D,
o REFRNEBRGHRGET, BRAMEOSWVERZLELT S,
o F@LI0FLUELEESN, BEFTEFE~HE,

2. BONELRE
21 AAHLL a9 B OME

A Y3994 %l (Cryptobranchidae) IFTHA T2 E 3 FEDH:

1. Andrias japonicus(BARAAH > amA)
2. Andrias davidianus(REAAH 230 F)
3. Cryptobranchus alleganiensis(F7 X ) WA A Y3774 Hellbender)

2.2 ZHROAA T ADIA DR

o BERAFHLLavIAISBARBEEFET. PEELILETMICERREIZH B,
o BIEFEMT (SR 7 DNA, SNP i) (2&Y . BAERN THLHIE T EOBENZSHENTE
AIhTL3,
o HEILMBIEZOEREREEOECIERIIRE BEMIIRELDRERE,
o RIFMMATTIE, RMFEEBEAMALEBDEAREEIZODOMEN BRSNS,
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23 HIEDODEE

o IR ZARVAFH ULV IFICERGERFROLATULEL,
o LML, i THREE (KE, BiE. EEEIN) CEGHENH SO RE L IXhiEE R

BEHATEEIHENHERESIND,

3. B9
o S E:AMBEI(BE-BIR-LEE-FEIWL-TELE) ., AMILERIZhHhT MZn T,
L] E:%Hft

o /ﬁuu. IJ-IFEIE]/—””(*E 200~1000 m)
o JKiR 10~18°C. BREMED S iR
o EETEVLRIDTIZED

4. FEK;
o XARESY(ILHMRER SIUHREIRIBE(FRIELALYRFYRE)
o FHER:

o SAIDEFIE (S L-EFTIE)
o HEBOPEAAYUI VA LDERNL
o ITWRA-KEFRE
o Bi-BULHRICKIERMER
« BREFEIMH:
o AIIIE R (FEINRRE. REFE)
o BIGFHBMIZIAHEFRHER
o FR-MEEREDREHE
o BB THEEBADBREE (EEHNEHKREEER)
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6. BIEM S ELEKIFETE

. MRTFL:
o SkaVK!)7 DNA fZ#7
o RAUVBAYTSANEN
o SNP 1T (EfEBREYS / LT—hH—)
o BEHEERADIGH:
o MREIRBEARBEDORETE
o rIN{E{KRDIFRE
o EBEMZHEMEHFOL-ODREETOY SLKE

7. FA)H-hEEED LB

I5H BZA (A japonicus) RE (A davidianus) *E (C. alleganiensis)

RAKRE #9150 cm 180 cm KL L 60 cm LI E
oKt AMEEER- M ALE  PESER-EE KERE
A RIRE AKER o XoBE KA IIEFR
R HREIR 1B 58 REiRiE MR RE

LEZE BT EE - RETR XE-RF-FHhOMR ®ITHE-EE- /M
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FaI30FFY >3y 9F (Andrias davidianus) DEFE

1. EXIFRED R

24  Andrias davidianus (Blanchard, 1871)
T Chinese Giant Salamander
= Caudata(HER)
& Cryptobranchidae (A Y234 Fl)
= Andrias
AR\A1.8m LLE {KE 50 kg ZEBADERLEE, BIXTKERIBELSD ., REICH A&k
T ABYBEN B RIEFRAAEE,
AR WITH-EEMS, AK~EREKEOMAIIGERICERL. RECHFREZHE,

o HREXOMAELET, Fanld 30~50 FLL L,
o REERFIERATMIILTI—HEL,
o REWVRIIKTFT 50, BREAMEDSVKENLAE,

2. BOAELRK

21 AAY a0 0AREOALE

o BAERFAYULawIFERBRE (Andrias)
o TFHAR)HAAY LI DA (Cryptobranchus alleganiensis) |L7J&E

22 Fad30AA Y aoFnRkEk
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3. £RHH

o S KIINE. hERLS., EAXRGEFEHR-FEO ILER )
. HBRIRIE:
B ER OKIR 10~25°C)
o BBHCHRAOMEIZBELKREN
o REMEMNELDTKEFLICESIZBUK

4. FEWKiR

o ¥ fE1ELFE (JUCN Red List: Critically Endangered)
o FLEHE:
o SAIBAFAT LEERICEDHE R HKIE
o BEIAE(BRA-XyLEHD)
o JKEEHE, LR
o AIBEEALDEM-EEMNEIE
.« REFEIHI:
o EMBRRERDFZE F:i#EE-HitEDERRERX)
o ANIEETOTSL(BFEMEARDETEHE)
o BIEFBITICKIERFEDERE
o MIFERADHFT-FH

5. JEMAGRE

o AIKERBRAEELHEBADOIEZERICKY., HEEERFEDETCHFMEISET,
o EIEFEHT (MDNA, SNP) TEMEAXDFEMNARETHY . RERX TORRETECEKEEIE
[ZERASN TS,

2N )
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6. BIEM S ELEKIFETE

. MRTFL:
o SkaVK!)7 DNA fZ#7
o RAUVBAYTSANEN
o SNP fi##7
o BEHEERADIGH:
o HEREIRERDRE
o rIN{E{KRDIFRE
o HERRBECEROREFEEAIZBEIOSSLDEEE

1. BER-ZA)HFEEDLLLE

I5H R E (A davidianus) BZ (A.japonicus) ¥E (C. alleganiensis)

mAKRE 180 cm LI E #9150 cm 60 cm LI E
oKl PEH R -FEED ARMEEER- LM ALER KREERED
A RIRE A ~IRKER mKER & &R
R4 CRUUCN) Mg 1B £8 R fERE

LEZE RE-RFE-BFPICHR ®ITHE-EE -S> RITHE-ELE- /M

2N )
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BARAAY 3994 vs FaodoxAH a4
1. L RBRB OB

BAFAY > 3024 (A japonicus)

— AN EER O LLUFEAT I

| —4Z&: 200~1000 m

| —Jkig: 10~18°C

| HERRENE 5

| R AT - BAE - RIEFEER
U b B — &R
FaodoAFH2avo4 (A davidianus)
—RIIRE - EREERA]I

| —skig: 10~25°C

| HERRENE =

| R AT - B - KRR, KB - RF
—EAXR. —HOREX

2. BRIz DB O—

FAH 223w oF# (Cryptobranchidae)
—F7A)hFAHY a4 R (Cryptobranchus)
| L—C. alleganiensis (KEZEER)
L—7> K1) 7RE (Andrias)

F—A. japonicus (AZA)

| 78 B A E AR

| U {E A B

L—A. davidianus (&)
—RIT R R B
e EE R AR A B
A 7 R AR R B

o BIEFMEHFE mtDNA. SNP, T4/ OHFS5A+
o BAXR-hEEAFESHIBMREEICEVBBDBGHZSHEEHEF
o HEEAXRBEIAIZEERADEAICKSEMDEZESHY

BY NG_ND B ~ A KHAL I;:axoldtl



3. ReRRELE

IHEH HZA (A. japonicus) & (A. davidianus) X E (C. alleganiensis)
IUCN  #&imfEIE 1B 8 femfEIE CR CEREAR LY
EZR SLEFEREA. AN B, B BERE. R, RIBWIE  AIRE. KEIEE
IR EGRFHRFICLIEARBERE. K RER. ATEBEIOT L, £RMERE. ATEE.

2R ER.#HEEY BTN EI 1 5
RR18mEULE RITH.E &XK06mE &T

B B 15m. R EE . e

2N )
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HbIbs - EEITFELLLEHO !

A JLAR A — (Cryptobranchus alleganiensis) DB &

1. EXERED T

"E NE
%4 Cryptobranchus alleganiensis (Daudin, 1803)
B4 Eastern Hellbender
= Caudata(EEH)
& Cryptobranchidae (A #4374 FH)
= Cryptobranchus
AEFRKFI06 m. KEZRK 2 kg IBE, BFMEL. BITOPHE, REIESENZL. KEME
" RTETEE, AT BAB BT MR,

o ERJERDKKSLAIIF

« EEMTHERKE. BERMEOSRENBEA
o Finld 20~30 FLLEELRL

o BWITHTEMITERELNRDHPTHRD

2. EORELRH

21 AF Y2 a0IFEOME

e BXR-taEAAH T30 UF (Andrias &) EIXFIE
o XKEHERIZHHT B Cryptobranchus BIZHEE=N 5

22 ANJLRUSE—DHTE

o Eastern Hellbender (C. a. alleganiensis): kXE RN 7 /\5F 7 LUK
o Ozark Hellbender (C. a. bishopi): S X—!)METEER, 7—H2V— AL ER. White River Fiish
o WRE-EEHICHIPHEFELANIEIELD

G350 S
B v KHAL I;’bfaxoldtl



3. £B 9%

o N KERE (FT/AZF TR ESX—1) M B TEER D R E R )i
o HRIRIE:

o WA, ER. BRREAFE D FZLViAKE

o Eﬁbum*@?ﬁ&@ﬂﬂi
o AR WITHTREHIEREI. KEICHEBEEZIT

4. FEWKiR

o #RSEIEFE (JUCN: Near Threatened/Endangered Subspecies)
o FLERE:
o SANBEASHT LEERICKHE RHhBFIE
o KEER . BRTRE
o MV EIEDLEERDIBL
o BFTEAXED T
o FREZHHI:
o HERMMDRERKE
o ANILBETOVSL(REBHEES KLU Ozark FHiE)
o ERBEE=S)LT LEREN
o IRIEHF-HIREDFE

X RERRLEER

IRH HEPHEFE (C. a. alleganiensis) THERHEFE (C. a. bishopi)
IUCN a2 NT (Near Threatened) iR &2 EN(Endangered)
EB ANNBHE, KEFE ¥ LEH A RMBATE . AISE. IRIEFE
FuRE £EHMRE AIEEITOISL, E= RERX. AITBE. BRHBH. EGTFHEFTICED
® ) {E A 514
EELE &AK06mLE, ®RITH. BEE INRIES . £ BB E . BRhE R £

" @5 HAL lab.axolotl



4. FE-RELDORFHE

o WITH-EL-REWFRT, FRKE

o JKEBELRIIITEIZER

o EAXRBOBFAIENIECLAERFECERIRAINEFED

o AIFETATILICKYHREY RVEBDHAHETH

o ERMICIFBR-PEOAF Y an oA ERERM - REFEZORBEENITHON TS

5. BIEM - EFFEE

o MWTFiE:
o SkOK!)7 DNA fE#T
o XAUBYTSAMMER
o SNP fi##7
o EAXRBEBTE~ADILA:
o RFEXBEDRE
o BIGHIZHRMEHEF
o NI EFEEADEEMGRETE
o RMAEERNSIEDER

6. BR-EAFH a0t EDLE

IHE AJLRUHA— (C. alleganiensis) HZ (A. japonicus) f[E (A. davidianus)
XA ER £ 60 cm #9150 cm #3180 cm LI E
v kil KERE-7/ASF 7 IUARTEL A< FEER - S AL &P HE R R - ER LA
ARIRE ILEFR. SlE-EEM AKER EE m~mKERR EE
B2 EN / NT (HF&EIZLD) MERaIR 1B 5 CR(IUCN)

LEZE BATH-EA M-S RITH-EE-RE-ZF20 ®/ITMHE-EE-XE-HLAHY

2N )
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1. RELORBEEME

1. AIBREDORE

o ENRORE.REEE. EENE
2. {EXRESETEDREE

o WEYNGAERMIER, AIIRIRERE
3. EIHIBHRIEHR

o ANIEIEEFDZERBR

o BILFBRIMICEHEREER
4. BEH -7 E

o MEFR-FREDEE

o BREHEIOJILDOER

@0Eo) S
BY NG _ND . __:'_ﬁAL I;:axoldtl



P AYSAA YA

(ANJLAR A —: Cryptobranchus alleganiensis)

1. S EERRE OB

AR Z— (C. alleganiensis)
—E&REFE: C. a. alleganiensis
| &R 7S F 7 ILARREER (RE - hEEE)
| K8 10~20°C
| K& Bk - AREr
| 5 RITHE - BE - EEFR, XE (&X0.6 mL)
L pEERERFE: C. a. bishopi
ERE: SOV ENLER. voRXAOT A F M
—JKig: 10~22°C
4 INRES T - £ERMRE. MERAEIEE

2. BRIz DB O—

FAH 223w oF# (Cryptobranchidae)
—F7A)hFAHY a4 R (Cryptobranchus)
| —C. a. alleganiensis (FRE#EFE)
| L—C. a. bishopi (FHERHRFE)

L—7> K1) 7RE (Andrias)
F—A. japonicus (AZA)
L—A. davidianus (fF[E)

o BIEFMEHFE mtDNA. SNP, T4/ OHTFS5A+
o HER-FEAEHFEIIHIBMMEEEICKYEGEMDIENEA TS
e KEELWTOR2ZIZITHMBEAFBCEOEELAVE

2N )
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| BREFOR/N |

SX—)MDBEEAILA L —DEGE: EREIRTE

EEH TR BRI r—
2023 10 A 11 H

T AIAERDY 2 300F &, M THIRAELL THRIREIRTE,

KERIEEFEEWS (US. Fish and Wildlife Service, USFWS) (&, A B . S X—U M DEEAN AL F —BIRE % E
PR B 1878 5% (Endangered Species Act) [ZE D= #ERAIBEICIEELEL=,
[EX—UMDEEANIAUS —IMREFRELGHS=ZEEEIELWIETT A, AR ZTOEREHLE TRESIND
RETT1E B RA—TA—INAAF L£/3—F 1 (Center for Biodiversity) D ZF FRINAHF— TSAT2-1H4
KIFBRTNVET  INUARUAE =L S XN T AR T 5T A TOME THRIREIREXICLHREEZT
BPENHYET, ]

Eto2—OZDMOIREFKIL, 2019 F 4 AOXRERBHFLEEYBICLDIREANAVT —RETEDREIC
BILT. 2023 & 3 A 4 BIZERISHRREMEZRHLELT =, USFWS (L, REALALT —DOREZT DERETO
REZBELTLELE,

7 AARRDY 23V IF THEINIALT —E, KK 60cm LLEICEERL., FRTERENAWEMINZER
LFES . TOAEREIE, HEER. REEE. LRED 15 MICRUVFET, LHLBEICKIFEALEDERE R ASE
ZHLTHY., HEY. ¥ LEHR. RECRRA ERHKIER, SIREEBLE . EROER IS > TEAKIEHEILT
WEY,

SX—MEEIEHFEEDRIAIADS —OEEREE X, BINDLLTOMENIZAE RLTLVET :Big River, Big Piney
River. Courtois Creek, Gasconade River, Meramec River, Niangua River, Osage Fork of the Gasconade River,

fthD ZLDANILAR S —(EREERIFR. BF 20 £/ T\ Big Piney River DEREBAN LA A —BIAREEIL T7%H A LEL
Tz E1=. Gasconade River %> Niangua River THREIFRIZHEH AL TLVET , USFWS [, S X—UMKHRDT R TOEFED
BERREISERLBAELKTDIEFRLTOET, ARICENE. 3 DDETILOI>E 2 DT MK 4 DOEEFED
361 DAVHRY HESNTVET,

ADANIWAUE—EFEIE AT —IBRDERTA M) N—RE (S A=) WEER-7—hoy—IMALER) (DO AERLT
£Y. 2011 F 10 AR BEIIEESNELZ COREEL, RAANUAVE —KYBL/NET, EPIHEALHY K
BOBNEZYFETS,

2010 &, BV A—[FRENIAV Y —Z 2 EWICHERBBIEELTRET L 5RFELELI=. LML, 2017 F 10 B
[CXEREFEEYMRIIIREE IESNHFERETLEL . COHIWIE, 2011 FH KU 2013 FICREUE—&
USFWS AMifELT= 2 HDEMERICEDE REHEEZLELL T 50X Thh 4D TY,

i ]
o WEIANAAVE—[FIX—UMTHRREBREICIEESNT
o AREOEAEHEY. FLER FE.JELEHLEESERICES
o M THERALLTIRIREEETHY . EENGREHNFRE

@oEe D

2N )
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SE 3R

1. BExBEa&EAERR. DB T332 av A EOM ERER]
https://www.water.go.jp/kansai/kawakami/syun-joho/kankyo-torikumi/kankyo-oosan/ronbun/H23.pdf

2. EBXREEELEMBREEMER. (#3223 A0RENEKICET 21857
https://www.kkr.mlit.go.jp/plan/happyou/thesises/2017/pdf01/chiiki-23.pdf

3. REMAFARFIBEARR. HEBRL/I-FF T avoFrEEThiL ]
https://www.kyoto-u.ac.jp/sites/default/files/2024-02/web%202402%20Nishikawa_SciRep_relj4-
a4ec626c40c39ae55e80ecfa68ff63fb.pdf

4, IRIEA. [Favd0AFH > av vt ORERE]
https://www.env.go.jp/nature/intro/2outline/attention/chugokuoosanshouo.html

5 RIEA. [IEKEY > a7 7 FEOREDFF|E
https://www.env.go.jp/content/000134517.pdf

6. ZIEENY/E. [Giant Salamanders ]|
https://www.asazoo.jp/event/news/83acee3ce1f4ea3788d60708525dc4587e8a8abce.pdf

SNS and Mail Address
Researchmap: https://researchmap.jp/HAL lab Axolotl

X: https://x.com/lab new2

ResearchGate: https://www.researchgate.net/profile/Sugiyvama-Haruka

Contact: sugiyvama.haruka.axolti@gmail.com

.’.\
AL lab.axolotl
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https://www.water.go.jp/kansai/kawakami/syun-joho/kankyo-torikumi/kankyo-oosan/ronbun/H23.pdf
https://www.kkr.mlit.go.jp/plan/happyou/thesises/2017/pdf01/chiiki-23.pdf
https://www.kyoto-u.ac.jp/sites/default/files/2024-02/web%202402%20Nishikawa_SciRep_relj4-a4ec626c40c39ae55e80ecfa68ff63fb.pdf
https://www.kyoto-u.ac.jp/sites/default/files/2024-02/web%202402%20Nishikawa_SciRep_relj4-a4ec626c40c39ae55e80ecfa68ff63fb.pdf
https://www.env.go.jp/nature/intro/2outline/attention/chugokuoosanshouo.html
https://www.env.go.jp/content/000134517.pdf
https://www.asazoo.jp/event/news/83acee3ce1f4ea3788d60708525dc4587e8a8abc.pdf
https://researchmap.jp/HAL_lab_Axolotl
https://x.com/lab_new2
https://www.researchgate.net/profile/Sugiyama-Haruka
mailto:sugiyama.haruka.axoltl@gmail.com

B+

[#EHR]1Y—1—I—)— | B-ADFER 3 (AIEALSE SP)
$£1TH--- 2025/9/8

#W&-ESE #&IU &E (PN; Ph.D) EhH

1Tt NS, HAL_Lab_Axolotl

BlLE&hHE% sugiyama.haruka.axolti@gmail.com F(E X (Twitter) ® DM A

X (IH Twitter) URL https://twitter.com/lab new2 (@lab_new2)

©UE0



mailto:sugiyama.haruka.axoltl@gmail.com
https://twitter.com/lab_new2

SOTFIENILTS & BEE,
DFRALIZEL V2 Z .

W . b B 1

O-I-L-I-FRRE- B35

sugivama.haruka.axoltl@gmail.com
since 2020~ (@lab_new2)
X (I8 Twitter): https://twitter.com/lab_new2

MER
(@0l REEOTFA 7 & U - BRI L
BRLZ13—UFEDTEY A,



mailto:sugiyama.haruka.axoltl@gmail.com
https://twitter.com/lab_new2

	スライド 1
	スライド 1
	スライド 2
	スライド 3
	スライド 4
	スライド 5
	スライド 6
	スライド 7
	スライド 8

