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AM: acetoxymethyl 

ATP: adenosine 5′-triphosphate 

ATPase: adenosine triphosphatase 

BCA: bicinchoninic acid 

BCECF: 2′, 7′-bis (carboxyethyl)-4 or 5- carboxyfluorescein 

BPB: bromophenol blue 

BW: body weight 

CoA: coenzyme A 

DAPI: 4′,6-diamidino-2-phenylindole 

DNA: deoxyribonucleic acid 

DNase I: deoxyribonuclease I 

DTT: dithiothreitol 

EIA: enzyme immunoassay 

FI: fluorescent intensity 

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid  

HMBC: hetero-nuclear multiple-bond coherence 

HMQC: hetero-nuclear multiple-quantum coherence 

HRP: horseradish peroxidase 

IC50: half maximal inhibitory concentration 

IgG: immunoglobulin G 

MCT: monocarboxylate transporter 

NADH: reduced nicotinamide adenine dinucleotide 
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NMR: nuclear magnetic resonance 

OCT: optimal cutting temperature 

PCR: polymerase chain reaction 

PVDF: polyvinylidene difluoride 

QV: quality value 

RNA-Seq: RNA sequencing 

RNA: ribonucleic acid 

RT-PCR: reverse transcription PCR 

SDS: sodium dodecyl sulfate 

TCA: tricarboxylic acid 

Tris: tris(hydroxymethyl)aminomethane 

cAMP: cyclic adenosine 3′,5′-monophosphate 

cDNA: complementary DNA 

dATP: deoxyadenosine triphosphate 

mRNA: messenger RNA 

rRNA: ribosomal RNA 
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400 600 μm Bobr et al., 1964
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(1)  

7  (C. japonica) 14

10 25 C

 

 

(2)  

PBS: 137mM NaCl, 2.68 mM KCl, 8.10 mM Na2HPO4 12H2O, 

1.47 mM KH2PO4, pH 7.4, 282 mOsm/L

HBSS: 137 mM NaCl, 5.37 mM KCl, 

1.26 mM CaCl2, 0.81 mM MgSO4•7H2O, 0.34 mM Na2HPO4•2H2O, 0.44 mM KH2PO4, 4.2 mM 

NaHCO3, 5.56 mM glucose, 0.01% phenol red, pH 7.4, 306 mOsm/L

HBSS 10

Milli-Q CaCl2, 

MgSO4•7H2O, NaHCO3  

 

(3) UVJ  

UVJ UVJ

0.9% NaCl SST

UVJ 500 mg /ml

PBS

2 20,400 × g 4 ˚C 10 UVJ
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(4)  

Kuroki and Mori 1997 HBSS

2.0 × 107 sperm/ml

HBSS  

UVJ 10%

HBSS

39 C

20% 4.0 × 106 sperm/ml

39 ˚C M165FC

4 3 2 

1 0 Wheeler 

and Andrews, 1943 10% PBS HBSS

 

 

(5)  

UVJ

20 mM pH 7.4 UVJ

Superdex 200pg GE ⌀ 1.6 × 75 cm

240 ml 2

UVJ  1 ml 140 

ml 1.0 ml/min 7.5 ml
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Milli-Q HBSS 1% 

24

Superdex 200pg  (V0) Ferritin 

(440 kDa) Aldolase (158 kDa) Conalbumin (75 kDa) Ovalbumin (43 kDa)

 

 

(6) HPLC  

UVJ Superdex 200pg 100 110ml

Milli-Q C-22 Navi C22-5 4.0 × 150 mm, 

HPLC A 0.1% 

TFA 80% B 0.1% TFA H2O

A : B = 0 : 100 20 A : B = 0 : 100  A : B = 80 : 20 20

A : B = 100 : 0 5 220 nm

TFA Milli-Q

HBSS 1%  

 

(7) PLC TLC  

PLC PLC  60 F254  1 mm

 : 

 : H2O = 6 : 4: 1

1cm

30
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10 μl Milli-Q HBSS 1%

 

PLC TLC TLC

 60 F254  : 

 : H2O = 6 : 4: 1

5% 12MoO3 H3PO4, 100%

 

 

(8) NMR 

1H-NMR 13C-NMR NMR HMQC HMBC JEOL 

GSX-500 500 MHz D2O

L-

 

 

(9) SST  

UVJ

UVJ OCT

80˚C 30 μm

PALM CombiSystem

UVJ SST UVJ

100 μl Milli-Q

20,400 × g 4˚C 10

Milli-Q L-Lactate Assay Kit Cayman
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20

4 μl BX51

Image J

SST UVJ L-  

 

(10) SST  

SST King et al., 1999

UVJ

M165FC SST SST UVJ

10 mg/ml 

HBSS 1 mg /μl

500 μl 37 C 20

10 mg/ml Ca2+/Mg2+ HBSS

5 ml

SST SST UVJ

 

 

(11) SST  

SST SST

SST 1 ml HBSS 5 .56 mM

2-DOG 1 mM 2- HBSS 2-DOGal

1 mM 2- HBSS 39 C
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SST 20,400 × g 4˚C

10 L- L-Lactate Assay Kit Cayman

 

 

(12) RT-PCR 

RNAiso SST

RNA DNA DNase I

ReverTra Ase cDNA MCT1

5 - GAACCCTGCCTTAACCATGA - 3  5 - GGCACA 

CCCCATTGTAAATC- 3 MCT2  5 - TGTGGCTGGGTCACTTATGA - 3

 5 - CTGGCCACAATCACAATCAC- 3 MCT3 5 - CTGGGTA 

TGGCGTTGAACTT - 3 5 - TAAGTAGGACCAGCCCGATG- 3

MCT4 5 - AGCACCAAGCCAATAGCACT - 3  5 - 

GGGTCTGGCACTCAACTTTC- 3 PCR

S17  5 - GAC 

GAAGACGGTGAAGAAGG-3 5 -CTTGGTGTCTGGGTCCACTT-3

PCR Milli-Q

MCT1 MCT2 MCT3 MCT4

PCR PCR

1% LAS 500 GE

Image J  

 

(13) in situ  
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in situ UVJ Yoshimura et al. 2000

MCT4 5  - CGCAAAGGAACACTGG 

GCTCCCAGCAGCAGACAACCCGTTGGCCA -3  , 5  - ATTGCTTCTGCCAGGAGCA 

CCAAGCCGATAGCACTG -3  , 5  - AAACGCCGTGCGGGTTTTGTGCCGTGCTCAC 

ACACA -3  , 5  - TGTGACCAGCTGAGGGCAGTGCCTGCGATGTGCCTTTC -3

[33P] dATP NEN

42 C

30 2 55˚C 40

X M165FC

 

 

(14) RNA-Seq cDNA  

RNA-Seq SureSelect 

strand-specific RNA library prep kit

RNA 400 ng A mRNA

D

mRNA cDNA cDNA

SureSelect Oligo Adaptor cDNA

3

cDNA PCR RNA-Seq cDNA

MiSeq SST UVJ cDNA

76 bp  
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(15) RNA-Seq de novo  

cutadapt Martin, 2011 QV 

< 30 76 50 bp

GenBank DRA000595 Kawahara-Miki et al., 

2013

Tophat Cfflinks

Trapnell et al., 2012

Trinity

RNA-Seq

Finseth and Harrison, 2014 Trinity

de novo

Trinity version: trinityrnaseq-r20140717 Grabherr 

et al., 2011 de novo megablast

SILVA rRNA Quast et al., 2103 rRNA

Trinity rRNA Bowtie Langmead 

et al., 2009 RSEM Li and Dewey, 2011

SST UVJ edgeR

Robinson et al., 2010

SST UVJ PAGE parametric 

analysis of gene set enrichment Kim and Volsky, 2005

GO gene ontology InterproScan http://www.geneontology.org/ 

external2go/interpro2go  
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(16)  

180 mg/kg BW HypoxiprobeTM-1 pimonidazole HCl

2

UVJ

UVJ OCT 80˚C

10 μm

pimonidazole

1 μg/ml DAPI BX51

 

 

(17)  

SST JC-1 5,5 ,6,6 -tetrachloro-1,1 ,3,3

-tetraethylbenzimidazolylcarbocyanine iodide

UVJ

50 μl HBSS JC-1

HBSS 500 μl 125 nM 37˚C 20

800 × g 2 UVJ

1 ml HBSS

carbonyl cyanide m-chlorophenylhydrazone CCCP

10 μM 800 × g 2 UVJ

BX51

DP70 Image J
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590nm 530nm FI F590/F530

FI SST UVJ  

 

(18)  

Tukey

Mann-Whitney U
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(1) UVJ  

UVJ

UVJ Superdex 200pg

45 ml 1 1,000 kDa 70 ml 2

3 50 kDa 100-120 ml 4 5 10 kDa

Fig. 2-1 24

4 100-115 ml

 ( ) HPLC

 

 

(2) HPLC UVJ  

UVJ Superdex 200pg 4 C-22 HPLC

0.7 ml 2.0 ml 11

Fig. 2-2, A -

2 Fig. 2-2, B C-22

PLC  

 

(3) PLC UVJ  

C-22 PLC TLC

TLC 7

8 Fig. 2-3

7 8 Fig. 
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2-3 7 8

NMR  

 

(4) NMR  

NMR 1H-NMR

13C-NMR

D-

D-  

 

(5) SST  

SST

SST UVJ

SST UVJ Fig. 2-4, B SST

SST Fig. 2-4, C UVJ

SST

13 mM UVJ 3 mM

Fig. 2-4, A  

 

(6) SST  

UVJ SST

Fig. 2-5, A SST HBSS 39˚C

Fig. 2-5, B

2-DOG SST
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Fig. 2-5, B HBSS 1 100%

2-DOG 20% 2-

2-

2-DOGal 2-DOG HBSS

Fig. 2-5, C  

 

(7) SST MCT  

SST RNA RT-PCR MCT1, 

MCT2, MCT3 MCT4 MCT2 MCT4

900 bp Fig. 2-6

  

in situ MCT4 mRNA

Fig. 2-7, A

Fig. 2-7, B X

SST UVJ

Fig. 2-7, C D  

 

(8) RNA-Seq SST UVJ  

SST RNA-Seq

DDBJ Sequence 

Read Archive http://trace.ddbj.nig.ac.jp/dra/index.html DRA003919

PDK LDH SST UVJ

GLUT
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Fig. 2-8 SST

KEGG PATHWAY http://www.genome.jp/kegg/pathway.html

SST UVJ GO

Table 1 SST

c-Fos c-Jun UVJ

Fig. 2-8  

 

(9) UVJ  

RNA-Seq SST

HypoxiprobeTM-1 SST

HypoxiprobeTM-1 SST HypoxiprobeTM-1

UVJ Fig. 2-9, A

SST UVJ

Fig. 2-9, B SST

 

 

(10) SST  

SST JC-1 UVJ SST

UVJ

Fig. 2-10, A CCCP SST UVJ

Fig. 2-10, B Image J 530 nm

590 nm FI SST

FI UVJ
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Fig. 2-10, C CCCP SST UVJ

FI CCCP SST FI  
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G
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N
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Z
 score 

P-value 
False discovery rate 

G
O

:0005515 
M

F protein binding 
2354 

-7.794049752 
6.43929E-15 

1.71E-12 

G
O

:0005840 
C

C
 ribosom

e 
98 

6.548828012 
5.79903E-11 

5.93E-09 

G
O

:0003735 
M

F structural constituent of ribosom
e 

99 
6.527433457 

6.69063E-11 
5.93E-09 

G
O

:0006412 
B

P translation 
99 

6.373236731 
1.8508E-10 

1.23E-08 

G
O

:0005576 
C

C
 extracellular region 

110 
6.049948334 

1.44892E-09 
7.71E-08 

G
O

:0006820 
B

P anion transport 
20 

-5.426567452 
5.74481E-08 

2.55E-06 

G
O

:0005524 
M

F A
TP binding 

929 
-5.361703161 

8.24409E-08 
3.13E-06 

G
O

:0008289 
M

F lipid binding 
21 

5.334001178 
9.60719E-08 

3.19E-06 

G
O

:0003777 
M

F m
icrotubule m

otor activity 
38 

-4.870426596 
1.11358E-06 

3.29E-05 

G
O

:0007018 
B

P m
icrotubule-based m

ovem
ent 

39 
-4.827499659 

1.38258E-06 
3.44E-05 

G
O

:0003774 
M

F m
otor activity 

58 
-4.804414293 

1.55205E-06 
3.44E-05 

G
O

:0016459 
C

C
 m

yosin com
plex 

58 
-4.804414293 

1.55205E-06 
3.44E-05 

G
O

:0006468 
B

P protein phosphorylation 
423 

-4.718625472 
2.37444E-06 

4.86E-05 

G
O

:0017048 
M

F R
ho G

TPase binding 
12 

-4.468511328 
7.87658E-06 

0.000149655 

G
O

:0005622 
C

C
 intracellular 

367 
4.357143873 

1.31771E-05 
0.000233674 

G
O

:0004672 
M

F protein kinase activity 
415 

-4.332896983 
1.4716E-05 

0.000244654 

G
O

:0005262 
M

F calcium
 channel activity 

10 
-4.269214999 

1.96162E-05 
0.000306936 



G
O

:0007156 
B

P hom
ophilic cell adhesion via plasm

a m
em

brane adhesion 
53 

-4.232014107 
2.31608E-05 

0.000342265 

G
O

:0005882 
C

C
 interm

ediate filam
ent 

31 
4.116758099 

3.84239E-05 
0.000537935 

G
O

:0070588 
B

P calcium
 ion transm

em
brane transport 

10 
-4.036394977 

5.42788E-05 
0.000721908 

G
O

:0005856 
C

C
 cytoskeleton 

42 
-3.603256105 

0.000314256 
0.003980576 

G
O

:0016311 
B

P dephosphorylation 
20 

-3.210644436 
0.001324377 

0.016012922 

G
O

:0004198 
M

F calcium
-dependent cysteine-type endopeptidase activity 

13 
-3.162832965 

0.00156242 
0.017429501 

G
O

:0030036 
B

P actin cytoskeleton organization 
18 

-3.152004905 
0.001621535 

0.017429501 

G
O

:0005737 
C

C
 cytoplasm

 
221 

3.149034063 
0.001638111 

0.017429501 

G
O

:0008017 
M

F m
icrotubule binding 

36 
-3.130481343 

0.001745201 
0.017854749 

G
O

:0015074 
B

P D
N

A
 integration 

13 
-3.091820668 

0.00198933 
0.019598584 

G
O

:0004867 
M

F serine-type endopeptidase inhibitor activity 
18 

3.072754654 
0.002120928 

0.019921593 

G
O

:0004871 
M

F signal transducer activity 
46 

-3.065659791 
0.002171903 

0.019921593 

G
O

:0005179 
M

F horm
one activity 

13 
3.000344938 

0.00269674 
0.023911095 

G
O

:0008236 
M

F serine-type peptidase activity 
21 

2.976241845 
0.002918046 

0.025038717 

G
O

:0008146 
M

F sulfotransferase activity 
34 

2.892907378 
0.003816938 

0.031728297 

G
O

:0005509 
M

F calcium
 ion binding 

269 
-2.864577588 

0.004175658 
0.032881818 

G
O

:0019001 
M

F guanyl nucleotide binding 
15 

-2.853316217 
0.004326555 

0.032881818 

G
O

:0031683 
M

F G
-protein beta/gam

m
a-subunit com

plex binding 
15 

-2.853316217 
0.004326555 

0.032881818 

G
O

:0016791 
M

F phosphatase activity 
25 

-2.831161577 
0.004637929 

0.034269142 

G
O

:0005198 
M

F structural m
olecule activity 

60 
2.801202112 

0.005091262 
0.035857906 



G
O

:0006810 
B

P transport 
127 

-2.799224055 
0.005122558 

0.035857906 

G
O

:0008237 
M

F m
etallopeptidase activity 

18 
-2.79045819 

0.00526335 
0.035898746 

G
O

:0008168 
M

F m
ethyltransferase activity 

63 
2.775133315 

0.005517908 
0.036694088 

G
O

:0030286 
C

C
 dynein com

plex 
12 

-2.752165169 
0.005920265 

0.038409524 

G
O

:0005215 
M

F transporter activity 
54 

-2.736886144 
0.006202376 

0.039281715 

G
O

:0008233 
M

F peptidase activity 
17 

2.727139113 
0.00638861 

0.039520239 

G
O

:0016491 
M

F oxidoreductase activity 
200 

2.706477648 
0.006800116 

0.041109792 

G
O

:0016020 
C

C
 m

em
brane 

689 
-2.668275556 

0.00762417 
0.045067316 

G
O

:0036459 
M

F ubiquitinyl hydrolase activity 
51 

-2.616318016 
0.008888373 

0.051397983 

G
O

:0006457 
B

P protein folding 
51 

2.565771027 
0.010294676 

0.058263485 

G
O

:0004129 
M

F cytochrom
e-c oxidase activity 

15 
2.515646606 

0.011881425 
0.065842897 

G
O

:0004553 
M

F hydrolase activity, hydrolyzing O
-glycosyl com

pounds 
39 

-2.383112906 
0.017166928 

0.093191895 

G
O

:0006629 
B

P lipid m
etabolic process 

37 
2.279286886 

0.022650017 
0.12049809 

G
O

:0045454 
B

P cell redox hom
eostasis 

43 
2.243244467 

0.024881054 
0.129771772 

G
O

:0004866 
M

F endopeptidase inhibitor activity 
10 

-2.23035619 
0.025723806 

0.131587161 

G
O

:0006814 
B

P sodium
 ion transport 

25 
2.215630772 

0.0267168 
0.134088091 

G
O

:0006281 
B

P D
N

A
 repair 

65 
2.142772777 

0.032131348 
0.15827664 

G
O

:0005085 
M

F guanyl-nucleotide exchange factor activity 
25 

-2.106623274 
0.035150248 

0.167675308 

G
O

:0005507 
M

F copper ion binding 
18 

2.097576928 
0.035942535 

0.167675308 

G
O

:0030001 
B

P m
etal ion transport 

19 
-2.079932185 

0.037531753 
0.167675308 



G
O

:0003723 
M

F R
N

A
 binding 

128 
2.079504008 

0.03757105 
0.167675308 

G
O

:0005525 
M

F G
TP binding 

280 
2.078047394 

0.037704994 
0.167675308 

G
O

:0016887 
M

F A
TPase activity 

87 
-2.076784014 

0.037821498 
0.167675308 

G
O

:0042626 
M

F A
TPase activity, coupled to transm

em
brane m

ovem
ent of 

substances 
28 

-2.039379711 
0.041412146 

0.176095407 

G
O

:0008083 
M

F grow
th factor activity 

31 
2.037561024 

0.041593853 
0.176095407 

G
O

:0003779 
M

F actin binding 
63 

-2.036433876 
0.041706807 

0.176095407 

G
O

:0006418 
B

P tR
N

A
 am

inoacylation for protein translation 
37 

1.999249884 
0.045581324 

0.189447378 

G
O

:0006470 
B

P protein dephosphorylation 
85 

-1.988998362 
0.046701384 

0.190822657 

G
O

:0009058 
B

P biosynthetic process 
52 

1.98318315 
0.047346975 

0.190822657 

G
O

:0006955 
B

P im
m

une response 
31 

1.967460774 
0.049130114 

0.193423393 
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SST Ito et al., 2011 SST

SST

UVJ

 

Lactbacillus

pH 3.5 O'Hanlon et al., 2013

Miyagawa and Iguchi, 2015

Gregoire 

et al., 1971

SST

SST

Bobr et al., 1964; Holm and Ridderstråle, 2002; Bakst, 1994

 

UVJ

SST

Gilbert et al., 1968; Tingari and Lake, 1973 SST

CoA TCA NADH

ATP

TCA LDH
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Goda and Kanai, 2012 SST

c-Fos Müller et al., 1997

c-Jun Shaulian and Karin, 2001 Fig 2-8 2-9

SST 2-

Fig. 2-5 2-

Wick et al., 1957 SST

SST

 

MCT 12

MCT1 MCT2

MCT3 MCT4 Halestrap and Price, 

1999; Halestrap, 2013 MCT2 MCT4 MCT2

H+ Lin et al., 

1998 MCT4

H+ Dimmer et al., 

2000 in situ MCT4 mRNA SST UVJ

Fig. 2-7 UVJ 3 mM

Fig. 2-4 SST UVJ

SST UVJ

Fig. 2-9

SST Fig. 2-4  
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SST

SST
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SST

UVJ SST

UVJ HPLC PLC

SST UVJ

SST SST UVJ

SST

SST MCT4

MCT4 SST
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1

K+ Morisawa et al., 1983a 2

Morisawa and Suzuki, 1980 Morisawa 

et al., 1983b 3 Oda et al., 1998; Cherr et al., 

2008 Yoshida et al., 2002; Shiba et al., 2008 4

Mochida et al., 1999

 

in vitro

SST

SST
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SST

SST

 

UVJ SST
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(1)  

7  (C. japonica) 14

10 25 C

 

 

(2)  

PBS: 137mM NaCl, 2.68 mM KCl, 8.10 mM Na2HPO4•12H2O, 

1.47 mM KH2PO4, pH 7.4, 282 mOsm/L

HBSS: 137 mM NaCl, 5.37 mM KCl, 

1.26 mM CaCl2, 0.81 mM MgSO4•7H2O, 0.34 mM Na2HPO4•2H2O, 0.44 mM KH2PO4, 4.2 mM 

NaHCO3, 5.56 mM glucose, 0.01% phenol red, pH 7.4, 306 mOsm/L

HBSS 10

Milli-Q CaCl2, 

MgSO4•7H2O, NaHCO3  

 

(3)  

HBSS

2.0 × 107 sperm/ml HBSS  

L- D- 2.5, 5.0, 

7.5, 10 mM HBSS

39 C
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20% 4.0 × 106 

sperm/ml 39 ˚C

4 3 2 1 

0 Wheeler and Andrews, 2013

HBSS  

 

(4) pH pH 

pHi pH BCECF-AM

2.0 × 107 sperm/ml BCECF-AM HBSS

1 μM 39˚C 10 L-

D- 0 10 mM HBSS BCECF-AM

20% RF-5300PC 430nm

490nm 550 nm

BCECF-AM HBSS HCl NaOH pH

10 μM 10 μM

BCECF-AM 20%

FI 500nm/439nm pH

pH pHe pH LAQUAtwin

 

 

(5) SST pH  

SST pH pHrodo Red AM

HBSS 2.0 × 107 

sperm/ml pHrodo Red AM HBSS 1 μM 20%
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39˚C 10 800 × g

3 PBS 2

1

UVJ PBS 3.7% PBS

UVJ UVJ

BX 51 DP70

Image J

Intracellular pH Calibration Buffer Kit

SST pH  

 

(6) ATPase  

HBSS 2.0 × 107 sperm/ml 800 × g 3

120 mM KCl, 10 mM disodium β-glycerophosphate, 1 

mM DTT, 1.8 mM MgSO4, 10 μ M CCCP, 10 mM HEPES, pH7.0 800 × g 3

0.1% Triton X-100

2

10,000 × g 2

10,000 × g 2 L-

10 μM 20 μM

ATP 1 mM 39˚C

30

Taussky and 

Shorr, 1953 96
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II 650 nm

K2HPO4

K2HPO4

ATPase  

 

(7) ATP  

HBSS 2.0 × 107 sperm/ml L- HBSS

2.0 × 107 sperm/ml 20% 39˚C 10 L-

10 mM 100 μl 96

ATP

1 10 1 mM ATP pH 7.35

HBSS ATP ATP

LAS 500 GE Image 

J ATP

ATP  

 

(8)  

Tukey

Mann-Whitney U

 

  



 35 

 

(1)  

HBSS D- L- L- D-

Fig3-1, A L- 5 mM D-

7.5 mM

L- D- L-

 

pH pH L-

pH Fig3-1, B pH

pH pH pH

D- pH pH

 

 

(2) pH  

HBSS DL- 10m M

Fig3-2, A HBSS HCl pH

pH

Fig3-2, B; R2 = 0.94619  

 

(3) SST pH 

pH pHrodo Red-AM

SST 1 UVJ

SST Fig3-3, B HBSS
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SST Fig3-3, 

A Image J pH

HBSS pH 7.2 SST 6.2

SST HBSS pH

Fig3-3, C D  

 

(4) ATPase  

Triton X-100 ATPase

ATPase pH5 9 pH

pH Fig3-4, A

ATP

pH 5.7 pH 7.4

Fig3-4, B  

 

(5) ATPase  

V

ATPase 10 μM

ATPase 20 μM

ATPase Fig. 3-5  

 

(6) ATP  

L- ATP L- ATP

4 x 105 12 pmole L-

Fig4-3   



4 

5 

6 

7 

8 

0 2.5 5 7.5 10 

pH

L-lactic acid (mM)

pHi 

pHe 

0 

1 

2 

3 

4 

0 2.5 5 7.5 10 

M
ot

ili
ty

 s
co

re

Concentration (mM)

L-Lactic acid 

D-Lactic acid 

**
****

*
*

A

B



R² = 0.94619 

0 

1 

2 

3 

4 

4.5 5 5.5 6 6.5 7 7.5 

M
ot

ili
ty

 s
co

re
 

pH of medium 

B 

0 

1 

2 

3 

4 

none HCl Lac Ac Mal Ox Cit 

M
ot

ili
ty

 s
co

re
A 



μ

0 

0.5 

1 

1.5 

2 

2.5 

4 6 8 

In
te

ns
ity

 (a
rb

itr
ar

y 
un

it)

pHe

C

A B

5.5 

6 

6.5 

7 

7.5 

Extender SST 

pH
i

**

D



0 

50 

100 

150 

5 6 7 8 9 

AT
Pa

se
 a

ct
iv

ity
  

(n
m

ol
e 

Pi
 /m

l /
 3

0 
m

in
) 

pH

A

0 

20 

40 

60 

80 

100 

7.4 6.4 5.7 5.4 

%
 o

f a
xo

ne
m

e 
sl

id
in

g

pH

B

**

**



μ μ



0 

4 

8 

12 

16 

0 2.5 5 7.5 10 

L-lactic acid (mM)

AT
P 

(p
m

ol
e/

4x
10

5  c
el

ls
)



 37 

 

SST  

ATP

Bréque et al., 

2003 SST

SST

 

Fig. 3-1, B

Fig. 3-2, A

pHe pHi pHe pHi Fig. 3-1, B pHe

Fig. 3-2, B pHe

pHi

pH

Goldstein, 1979 pHe

Breton et al., 1996 pH

pH

Carr and Acott, 1984, Acott and Carr, 1984 pHi

pHi

Christein et al., 1982 Na+/H+ Na+

H+ pHi Lee et al., 1983; Lee, 

1984 CatSper

CatSper pHi
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Kirichok et al., 2006 Hv1

pHi Lishko et al., 2010 pHi

Jones and 

Bavister, 2000 pHi

SST pH

pHi  

pHi

ATPase

Summers and 

Gibbons, 1971; Gibbons, 1988 ATPase pH

pH

ATPase pH

ATPase FoATPase

ATPase V

pHi ATPase

pHi ATPase

SST pHi 6

pHi

 

pHe pHi

H+

pHi Sasanami 

et al. 2011
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mAb mAb

Hiyama et al. 2013

heat shock protein 70 2

mAb

mAb mAb

pHi  

Munro 1938

Ca2+ 30˚C

Ca2+

Ashizawa et al., 1994a

pHi Ca2+

 

SST pHi SST

pHi
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UVJ

SST

SST

 

pHe pHi pHe

pHi pHe

SST pH pHi

ATPase pH pHi

ATPase

pHi ATPase

SST pHi 6

pHi

pHi
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Morisawa and 

Suzuki, 1980 K+ Morisawa et al., 1983

Yoshida et al.,2002; Watanabe et al., 2010

Mochida et al., 1999

- utero-vaginal junction; UVJ

sperm-storage tubules; SST Bobr et al., 1964 SST

Bakst, 1987 41˚C

SST Birkhead, 1993 SST

Ito et al., 2011; Hiyama et al., 2013

Summers and 

Gibbons, 1971 pHi

ATPase

 

C PKC Bisindolylmaleimide II BisII

Mahata et al., 2002 BisII Bisindolylmaleimide V BisV

Mahata et al., 2002 A PKA H-89 Chijiwa et 

al., 1990 3 PI3K
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LY294002 Vlahos et al., 1994
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(1)  

7  (C. japonica) 14

10 25 C

 

 

(2)  

HBSS: 137 mM NaCl, 5.37 mM KCl, 1.26 mM CaCl2, 0.81 mM 

MgSO4•7H2O, 0.34 mM Na2HPO4•2H2O, 0.44 mM KH2PO4, 4.2 mM NaHCO3, 5.56 mM 

glucose, 0.01% phenol red, pH 7.4, 306 mOsm/L

HBSS 10

Milli-Q CaCl2, MgSO4 • 7H2O, 

NaHCO3 BisII BisV

H89 LY294002

PKC Ser/Thr PKC

IgG

 

 

(3)  

Kuroki and Mori 1997 HBSS

2.0 × 107 sperm/ml

HBSS  

BisII 0 ~ 10 μM BisV

0 ~ 10 μM H89 0 ~ 1 μM LY294002 0 ~ 10 μM HBSS
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39 C

20% 4.0 × 106 sperm/ml 39 ˚C

4 3 

2 1 0 5

Wheeler and Andrews, 1943 HBSS

 

 

(4) pH  

pH pHi pH BCECF-AM

BCECF-AM BisII HBSS 2.0 × 107 sperm/ml

20% BCECF-AM  1 μM BisII  1 μM

 4.0 × 106 sperm/ml 10

RF-5300PC 430nm 490nm

550 nm BCECF-AM HBSS

HCl NaOH pH

10 μM 10 μM

FI 490 nm/430 nm

pH pHi pH pH

LAQUAtwin  

 

(5) Ca2+  

Ca2+ [Ca2+]i Fluo-8H AM

Fluo-8H AM HBSS 4.0 × 107 
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sperm/ml 39 C 10 Fluo-8H 

AM Fluo-8H AM  1 μM BisII HBSS

Fluo-8H AM 20% BisII 1 μM

 4.0 × 106 sperm/ml 490 nm 515 

nm

A23187 10 μM  

 

(6)  

JC-1 BisII

HBSS 2.0 × 107 sperm/ml 20% 39˚C 10

JC-1  125 nM BisII  1 μM  4.0 

× 106 sperm/ml 490 nm 530 nm

590 nm 530 nm 590 nm

CCCP 10 μM

 

 

(7) cAMP  

cAMP cAMP EIA GE

BisII HBSS 2.0 × 107 sperm/ml

20% 39˚C 10 BisII  1 μM

 4.0 × 106 sperm/ml 800 × g 3

4˚C 10 20,400 × g 4˚C

5 IgG
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cAMP 4˚C 2 6400 

pM cAMP cAMP

cAMP-HRP 1

4

30 1M H2SO4

492nm

cAMP

cAMP  

 

(8) ATP  

HBSS 2.0 × 107 sperm/ml BisII HBSS

20% 39˚C 10 BisII 1 μM

 4.0 × 106 sperm/ml 100 μl 96

ATP

1 10 1 mM ATP pH 7.35

HBSS ATP ATP

LAS 500 GE Image 

J ATP

ATP  

 

(9) ATPase  

HBSS 2.0 × 107 sperm/ml 800 × g 3

120 mM KCl, 10 mM disodium β-glycerophosphate, 1 

mM DTT, 1.8 mM MgSO4, 10 μ M CCCP, 10 mM HEPES, pH7.0 800 × g 3
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0.1% Triton X-100

2

10,000 × g 2

10,000 × g 2 L-

ATP 1 mM 39˚C 30

Taussky and Shorr, 1953

96 II

650 nm

KH2PO4

KH2PO4

ATPase  

 

(10)  

PKC -

HBSS 2.0 × 107 sperm/ml

BisII 800 μl 200 μl 39 ˚C 10

BisII  1μM 4.0 × 106 sperm/ml 100%

100 μl 30

20,400 × g 4 ˚C 10  500 μl 5

2 20,400 × g 4 C 10

1% SDS 70 mM Tris-HCl pH 6.8 50 μl

BPB-glycerol 0.017% BPB, 
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29.4% 2- 1/18 10

PKC  

PKC whole-sperm

1 ml HBSS 1 800 × g 3

1% SDS 70 mM Tris-HCl pH 6.8 200 μl

BPB-glycerol

1/19 PKC  

 

(11)  

Micro BCA kit 

BCA

 

 

(12) SDS- SDS-PAGE  

5% 12% 8 cm × 9 cm

Laemmli 1970 10 μg protein/lane 

20 mA  

 

(13)  

7cm × 9cm PVDF 100% 25 mM Tris 40 mM 

20% C 15

0.3 mM Tris 10% A

25 mM Tris 10% B SDS-PAGE
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C 15

C 2 C C PVDF

B 2 A 2 0.95 mA/cm2 1

PVDF PVDF

0.1% Tween 20 25 mM Tris- TBS-T 5%

30  

PKC PKC

5% TBS-T

1,000 PKC 1

TBS-T 15 3 PVDF

5% TBS-T 10,000 HRP-

IgG 30 TBS-T 5

3 PVDF Luminata Forte 

Western HRP substrate 

LAS500 (GE )  

PKC PKC

5% TBS-T

PKC α: 5,000 β: 2,500 γ: 5,000 δ: 1,000

ε: 500 λ: 2,500 θ: 250 ι: 2,500 μ: 1,000 ζ: 250

1  

 

(14)  

Tukey

Mann-Whitney U
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(1) BisII BisV  

PKC BisII 1 μM

BisII BisV

Fig. 4-1 PKA H89 PI3K

LY294002

Fig. 4-2 Fig. 4-3  

 

(2) BisII  

 BisII 1 μM pHi [Ca2+]i cAMP ATP

ATPase

Fig. 4-4  

 

(3) PKC  

PKC PKC

BisII 25 kDa 85 kDa

Fig. 4-5 BisII 27 kDa 28kDa

50 kDa 85kDa BisII

Fig. 4-1 Fig. 4-5  

 

(4) PKC  

10 PKC PKC

PKCι 30 kDa PKCμ 42 kDa

Fig. 4-6 PKCα β γ δ ε λ θ  ζ 
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PKC BisII

cAMP PKA

Si and Okuno, 1995; 

Nomura et al., 2000 PKA H-89

Fig. 4-2 cAMP PKA

cAMP

BisII cAMP

Fig. 4-4, D

PKC

cAMP cAMP

Brokaw, 1987; White et al., 2007

PKA

Ashizawa et al. 2009 PI3K LY294002

IC50 Vlahos et al., 1994

LY294002 Fig. 

4-3 Munro, 1937

NaCl 40˚C 30˚C

Ca2+ 40 C

Ashizawa et al., 1994a

Wishart and Wilson, 1999

 

SST
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ATPase BisII

pHi ATPase Fig. 4-4, 

A F BisII

BisII

[Ca2+]i cAMP ATP

Fig. 4-4 BisII

Ciona intestinalis sperm-activating and -attracting 

factor SAAF Ca2+

cAMP Nomura et al., 2004

SAAF cAMP

cAMP Shiba and Inaba, 2014; Nomura et al., 2000

cAMP SAAF

Tombes and Shapiro, 1985 heat shock protein 70

[Ca2+]i ATP

Hiyama et al., 2013 BisII

PKC

Fig. 4-5 PKC 200 kDa 100 kDa 65 kDa

28 kDa

White et al., 2007 PKC

Ashizawa et al., 2006; Harayama and Miyake, 2006

BisII
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Fig. 4-1 Fig. 4-5

 

PKCι PKCμ

Fig. 4-6 PKCι PKCμ

PKC 10

conventional PKC; cPKC novel PKC; nPKC

atypical PKC; aPKC 3 Mellor and Parker, 1998 cPKC

 α βI βII  γ Ca2+

nPKC  δ ε η  θ 

Ca2+ aPKC ι  ζ 

Ca2+

Corbalán-García and Gómez-Fernández, 2006 PKCμ

D

PKD Wang, 2006

PKC

BisII

aPKC

BisII [Ca2+]i

aPKC PKCι Fig. 4-4, B

PKCμ nPKC

Wang, 2006 PKCμ

PKCμ  
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PKC

PKC

BisII SST

PKC
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SST

SST ATPase

in 

vitro

PKC BisII

BisII BisV PKA H-89 PI3K

LY294002 BisII pHi

[Ca2+]i cAMP ATP ATPase

PKC BisII

PKCι PKCμ

PKC PKC
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SST SST SST 3

SST

 

1

SST Bakst et al., 1994 SST

SST

pH SST

pH

pH 3.5

O'Hanlon et al., 2013

HCl

SST pH

SST

pHe

pHi

Loligo bleekeri
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H+ [pH]i [pH]i Ca2+

Hirohashi et al., 2013

MCT pHi

 

SST Bakst, 1987; Bakst and Richards, 1985

 ATP

Breton et al., 1996 pHe

SST

SST

Froman, 2003 SST

1 SST

SST Ito et al., 

2011 SST

Bobr et al. 1964 SST

SST SST

PKC PKC
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PKC Ashizawa 

et al., 1994, Ashizawa et al., 2006 PI3K

Ashizawa et al., 2009 PI3K

Munro, 1937

5 mM Ca2+

Wishart and Wilson, 1999

Galliformes, Phasianidae

1

SST

 

SST

ATPase PKC

ATPase BisII

PKC

SST
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PKC

 

SST

SST

SST

41.5˚C 5

41.5˚C

Ashizawa et al. 1976 4

SST

4 Ashizawa and Nishiyama, 

1977

UVJ SST

11 12

Ashizawa and Nishiyama, 1983

SST SST

Bréque et al. 2003 SST

3 1

2 3

1

SST
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Gilbert et al., 1968; Tingari and Lake, 1973 SST

Howarth and Huston, 

1974

SST

SST

SST C14 C16

C18 C18:1n9 C18:2n6 5

Huang et al., 2016

2 3

SST

SST

Bakst and Bauchan, 2015 SST

SST  

SST

SST

Van Krey, 1981; Froman and Engel, 1989 SST

Ito et 

al., 2011 SST
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Bakst, 

1987; Bakst and Richards, 1985; Bakst et al., 1994; Ito et al., 2011

Cataglyphis savignyi

50%

Pearcy et al., 2014

 

SST
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