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Supplementary Methods 20 

 21 

In situ hybridization of AT1.   The brains were fixed in 4% paraformaldehyde in phosphate buffer 22 

(PB) and embedded in Palaplast (McCormick Scientific, Richmond, IL, USA). Serial sections were 23 

cut at 7 m to obtain cross sections and mounted onto MAS-coated slides (Matsunami Glass, Osaka, 24 

Japan). The cDNA fragment (1095 bp) specific to at1 was amplified using gene-specific primers 25 

(ATGAAGAACATAACCTCAGGAGCAG, TCATTTAATGTCAGAGGAAGACTTG) and used to 26 

synthesize digoxigenin-labeled antisense and sense cRNA probes (DIG RNA Labeling Kit; Roche 27 

Applied Science, Mannheim, Germany) according to the manufacturer's protocols. The rehydrated, 28 

rinsed sections were treated with 5 mg/ml proteinase K (Sigma-Aldorich, MO, USA) in Tris-EDTA 29 

buffer [100 mM tris (hydroxymethyl) aminomethane and 50 mM ethylenediaminetetraacetic acid, pH 30 

7.5] and then hybridized with 1 g/ml DIG-labeled cRNA probes in hybridization buffer [50% 31 

formamide, 5 × Saline Sodium Citrate Buffer (5 × SSC, 750 mM NaCl and 75 mM sodium citrate, 32 

pH 7.0), 40 g/ml bovine calf thymus DNA] at 58°C for 40 h. After hybridization, sections were 33 

washed in 2 × SSC for 30 min at room temperature, followed by 1 × SSC for 1 h at 65°C, and finally 34 

in 0.1 × SSC for 1 h at 65°C. Following immunohistochemical reaction with alkaline phosphatase-35 

conjugated anti-DIG antibody (Roche Applied Science, Upper Bavaria, Germany), hybridization 36 

signals were visualized with 4-nitro blue tetrazolium chloride (450 mg/ml) and X-phosphate/5-37 

bromo-4-chloro-3-indolyl-phosphate (175 mg/ml) after 1 week at room temperature. Stained sections 38 
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were dehydrated with ethanol, cleared with xylene, coverslipped, and observed under a microscope 39 

with image sensor (FSX100, Olympus, Tokyo, Japan). 40 

 41 

c-Fos immunohistochemistry.   The brains were dissected out 1 h after ICV injection of AngII or 42 

vehicle and fixed in 4% paraformaldehyde in PB. The fixed brains were cut at 7 m. The sections 43 

were immersed in methanol containing 0.3% H2O2 for 30 min at room temperature. After rinsing in 44 

phosphate buffered saline (PBS), the sections were incubated with proteinase K (10 mg/ml in PBS) 45 

for 10 min at room temperature. The sections rinsed thoroughly in PBS were pretreated with a 46 

blocking solution (2% normal goat serum, 0.01% NaN3 in PBS) for 1 h at room temperature and 47 

incubated with a polyclonal antibody raised against human c-Fos (1:200, sc-253, SantaCruz, Dallas, 48 

TX, USA) for 12 h at 4°C. Specificity of the antibody against c-Fos protein of the mudskipper was 49 

checked by Western blotting analysis 25. After rinsing in PBS, the sections were treated with ABC 50 

Elite kit (PK-6101, Vector, Burlingame, CA, USA) according to the manufacturer’s instruction. The 51 

sections rinsed in 0.1 M PB were immersed in 0.01% 3, 3’ -diaminobenzidine tetrahydrochloride 52 

(DAB) in PB for 3 min to intensify colourization and then incubated in 0.01% DAB solution 53 

containing 0.01% H2O2 for 3 min in dark. Finally, the sections were rinsed in PB and distilled water, 54 

and immunoreactive c-Fos was examined. The photomicrographs were binarized by graphic software 55 

Image J (https://imagej.nih.gov/ij/) and the number of c-Fos positive neurons was counted manually 56 

and compared between the cohorts. The parvocellular preoptic area anterior part (PPa) was defined 57 

https://imagej.nih.gov/ij/


4 

 

from the rostral tip of the anteroventral region of the third ventricle up to the level where the corpus 58 

callosum emerged caudally. Every third sections was analyzed in order not to count positive cells 59 

twice. 60 

  61 
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Supplementary Figures 62 

 63 

64 
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 66 

Supplementary Figure 1. Amino acid sequences of angiotensinogen and angiotensin receptor 67 

type 1 (AT1). (a) Alignments of angiotensinogens of different fish species. Shaded regions indicate 68 

conserved amino acids between the mudskipper and other fish in the sequence converted to 69 

angiotensin II (AngII). (b) Alignments of several AT1s of different fish. (c) The phylogenetic tree 70 

including AT1, angiotensin receptor type 2 (AT2), apelin receptors, and bradykinin receptors. 71 

Numbers represent bootstrap values. 72 

 73 

 74 

 75 
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 76 

Supplementary Figure 2. Effects of environment salinities on amphibious behaviour. 77 

Mudskippers were transferred from the tank for acclimation (10-ppt seawater) to tanks containing 78 

freshwater (●, n = 6), 10-ppt seawater (○, n = 6) and 30-ppt full-strength seawater (●, n = 6). *P < 79 

0.05 with two-way repeated measures ANOVA and Dunnett’s post-hoc test. 80 
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 82 

 83 

Supplementary Figure 3. Dose-dependent effects of angiotensin II (AngII) and vasotocin on 84 

drinking rate. Fish were put in a columnar tank (diameter-65 mm, height-92 mm) containing phenol 85 

red in 10-ppt seawater after intracerebroventricular injection with 0.1 μl/g of 3×10-6 M (n=5), 3×10-8 86 

M (n=5), and vehicle (n = 8) of AngII (a) or vasotocin (b). Mudskippers were held in water for 1 h. 87 

One-way repeated measures ANOVA and Tukey’s post-hoc test were used for statistical analysis. 88 

Data are shown as mean ± s.e.m. *P < 0.05, **P < 0.01 versus controls. 89 
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Supplementary Movie Legends 91 

 92 

Supplementary Movie 1. Visualization of swallowing of buccal/opercular water on land by X-93 

ray. In X-ray movies, concentration of shadow indicates the radiopacity of contrast medium. The 94 

medium was stored in the esophagus to some extent and immediately flowed to the intestine. The 95 

mudskipper does not have a stomach and the esophagus is connected directly to the proximal 96 

intestinal swelling. This movie is 5 × faster than actual recording speed. 97 

 98 

Supplementary Movie 2. Visualization of the migration to water followed by the capture of 99 

water in the buccal/opercular cavity. The contrast medium that the mudskipper acquired in the 96-100 

well microplate hole was held in the buccal/opercular cavity on land (on top of the microplate). This 101 

movie is played at actual recorded frame rates. 102 


